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In the context of Self-Interacting Dark Matter as a solution for the small-scale
structure problems, we consider the possibility that Dark Matter could have been
produced without being in thermal equilibrium with the Standard Model bath. We
discuss one by one the following various dark matter production regimes of this kind:
freeze-in, reannihilation and dark freeze-out. We exemplify how these mechanisms
work in the context of the particularly simple Hidden Vector Dark Matter model. In
contrast to scenarios where there is thermal equilibrium with the Standard Model
bath, we find two regimes which can easily satisfy all the laboratory and cosmological
constraints. These are dark freeze-out with 3-to-2 annihilations and freeze-in via a
light mediator. In the first regime, different temperatures in the visible and the
Dark Matter sectors allow us to avoid the constraints coming from cosmic structure
formation as well as the use of non-perturbative couplings to reproduce the observed
relic density. For the second regime, different couplings are responsible for Dark
Matter relic density and self-interactions, permitting to surpass BBN, X-ray, CMB
and direct detection constraints.
ar
X
iv
:1
51
0.
08
06
3v
2 
 [h
ep
-p
h]
  1
6 F
eb
 20
16
2CONTENTS
I. Introduction 3
II. Hidden Vector Dark Matter: Description of the Model 4
III. Dark Matter Self-Interactions 7
IV. Various Possibilities of Accounting for the Dark Matter Relic Density 8
V. Scenario with no Light Mediator 11
Regime 4: Portal Interaction Freeze-out 11
Regime 3B: Dark Freeze-out with T ′ = T 11
Regime 3A: Dark Freeze-out with T ′ < T 14
Regime 2: Reannihilation 18
Regime 1: Freeze-in 19
Regime 0: No Portal 19
VI. Scenario with a Light Mediator 19
Regime 4: Portal Interaction Freeze-out 21
Regime 3B: Dark Freeze-out with T ′ = T 21
Regime 3A: Dark Freeze-out with T ′ < T 24
Regime 2: Reannihilation 25
Regime 1: Freeze-in 25
Regime 0: No Portal 27
VII. Conclusions 27
Acknowledgments 30
A. Invisible Decay of the SM scalar 30
B. Boltzmann Equations for the 3-to-2 Annihilation and the Instantaneous Freeze-out
Approximation 31
C. Constraints on Regimes 2 and 3A with a light mediator 33
References 36
3I. INTRODUCTION
The search for non-gravitational interactions of Dark Matter (DM) constitutes one of the
main concerns of particle physics today [1–3]. Although the three main different DM search
strategies (direct detection, indirect detection and collider searches) have not provided any
conclusive signal so far, these strategies offer real possibilities of discovering soon the DM
particle. Yet another strategy is to look for effects associated to possible DM non-gravitational
self-interactions in the sky. In fact, the long-standing puzzles of the collisionless cold DM
paradigm can be addressed by invoking such interactions. Two examples of such puzzles are
the ‘cusp vs. core’ [4–7] and the ‘too-big-to-fail’ [8, 9] problems. These can be alleviated if
at the scale of galaxies there exists a large self-scattering cross section, σAA, over DM particle
mass, mA, in the range 0.1 . σAA/mA . 10 cm2/g [10–18]. Nevertheless, the non-observation
of an offset between the mass distribution of DM and galaxies in the Bullet Cluster constrains
such self-interacting cross section, concretely σAA/mA < 1.25 cm2/g at 68% CL [19–21], i.e.
around 1012 pb for a DM of 1GeV mass. Similarly, recent observations of cluster collisions lead
to the constraint σAA/mA < 0.47 cm2/g at 95% CL [22].1
Building a consistent model with such a large self-interaction cross section that accounts
also for the observed amount of the DM relic density is theoretically not straightforward. As a
matter of fact, such a cross section value is orders of magnitude larger than the typical ‘weak
interaction’ DM annihilation cross section, around 1 pb [25], which is required in the usual
thermal freeze-out scenario. In fact, the fast interactions responsible for the self-interactions
typically induce strong annihilation cross sections, which naturally lead to a negligible DM relic
abundance [26, 27] (see also the discussion in Ref. [28]). Therefore, one needs a mechanism
where DM self-interactions are enhanced today and/or where the annihilation cross section is
suppressed in the early Universe.
One possibility is to introduce light mediators to boost DM self-interactions [26, 29–31].
This is based on the fact that the exchange of a light mediator leads to enhancement effects,
which are more pronounced today than in the early Universe due to the different DM velocities
in these eras. Such a possibility is constrained in multiple ways. For instance, the mediator
itself contributes to the matter relic density if it is very long-lived. A very light mediator can
also contribute to the amount of relativistic degrees of freedom (Dark Radiation) in the early
Universe. Also, such contributions could spoil Big Bang Nucleosynthesis (BBN) or be in conflict
with Cosmic Microwave Background (CMB) constraints. Complementarily, unstable mediators
which interact significantly with the Standard Model (SM) sector may lead to observable signals
in DM direct detection experiments [32–34] and even at colliders [34]. As a result, this possibility
is severely constrained, excluded in many models but still viable in others.
Another possibility is to consider a framework where the freeze-out of the DM particles does
not proceed via a usual self-annihilation of DM pairs, but via processes where three DM particles
annihilate into two of them [35, 36]. In this case, large self-interactions do not lead to too large
3-to-2 annihilations because the latter are naturally phase-space suppressed. Nonetheless, in the
most simple cases the relic density and self-interaction that addresses the small-scale problems
lead to DM couplings on the verge of non-perturbativity [37]. Another problem associated
to the 3-to-2 freeze-out mechanism is that such processes relatively increase the temperature
of the DM particles if they are not in kinetic equilibrium with the SM bath in the early
1 A 1.62 kpc offset between DM and stars has been recently claimed in the cluster Abell 3827. If interpreted
solely as an effect of DM self-interaction, it implies a non-vanishing σAA/mA of the order of 10−4 cm2/g [23].
However, these results have been reinterpreted using a different kinematical analysis, obtaining σAA/mA ∼
1.5 cm2/g in the case of contact interactions [24]. Since these recent results are inconclusive at this moment,
we do not consider them in this work.
4Universe [35, 38] (See Section V for details). In this case, DM particles may end up being too
hot to be consistent with structure formation observations, even if DM free streaming length
is suppressed by strong self-interactions. A possible way out of this problem is to consider a
mechanism establishing kinetic equilibrium between the DM and the photons [36, 39] or another
relativistic species [40, 41]. Nonetheless, in many cases, the large couplings to the SM that are
needed for establishing the equilibrium lead to the decay of the SM scalar into DM particles,
making this possibility tightly constrained.
In the literature, the light mediator and 3-to-2 annihilation possibilities have essentially
been considered in frameworks where, to account for the DM relic density, the usual thermal
freeze-out mechanism takes place. However, as is well known, this is not the only mechanism
that can account for the DM abundance. In particular if DM belongs to a sector which is
feebly coupled to the SM sector, other DM production mechanisms are also allowed, such as
freeze-in [42, 43], reannihilation [44–46] or freeze-out in the hidden sector [47, 48]. All these
mechanisms assume that the DM has not been in chemical and/or kinetic equilibrium with the
SM bath. We analyze here how DM self-interactions can be accommodated in the framework
of these others regimes, both with a light mediator or with a 3-to-2 annihilation scheme. We
show how, for any given model, a systematic scan of the production regimes for self-interacting
DM can be done.
To this end we consider the various regimes in the framework of a particularly simple and
minimal example model, the Hidden Vector DM setup (HVDM) [49–51]. In this model, we find
two regimes which allow to fulfill all the aforementioned problems in a simple way. One of them
consists of a freeze-out via 3-to-2 annihilation processes, in a scenario where the temperature
of the Hidden Sector (HS) is smaller than the temperature of the visible sector. The other one
invokes freeze-in via a light mediator.2
In order to perform all discussions based on a concrete example, we start by introducing
briefly the HVDM model in Section II. In Section III we present the particularities of the self-
interaction processes, with or without light mediators. In section IV we introduce the various
ways in which the DM relic density can be produced and draw some general statements with
regard to which ones could be compatible with large self-interactions. In Section V, we consider
one by one and in detail the various production regimes for the HVDM setup in the case where
there is no light-mediator enhancing the self-interaction cross section. We explain why we do
not find any viable situation with the 2-to-2 annihilations, and subsequently consider the 3-to-2
possibility. In Section VI we proceed in a similar way for the case of a light mediator enhancing
DM self-interactions. Finally, we present our conclusions in Section VII.
II. HIDDEN VECTOR DARK MATTER: DESCRIPTION OF THE MODEL
Here we provide the essential ingredients of the HVDM model [49], which is the one we will
consider explicitly in all subsequent sections. This model is defined by the simple Lagrangian
L = LSM − 1
4
F ′µν · F ′µν + (Dµφ)†(Dµφ)− µ2φ φ†φ− λφ (φ†φ)2 − λm φ†φH†H , (1)
where LSM is the SM Lagrangian. The F ′µν field strength tensor refers to a new SU(2)X gauge
symmetry, with gauge coupling gX and gauge bosons A′µ, under which all the SM particles
2 See also Refs. [52, 53] for very recent works where the freeze-in mechanisms has also been invoked for DM
self-interactions and Ref. [54] for a more involved framework where the HS freeze-out mechanism has been
used.
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FIG. 1. Diagrams for dark matter self-interactions.
are singlets. φ is a SU(2)X scalar doublet which carries no SM charges. Its vev, vφ, breaks
SU(2)X spontaneously, which leads to a single real scalar, η′, and three massive gauge bosons,
Aiµ (i = 1, 2, 3). Due to a remnant accidental custodial SO(3) symmetry, these three gauge
bosons form a triplet with the same mass mA = gXvφ/2, and are therefore automatically stable.
These are the DM candidates of the model. Such a gauge structure is allowed to communicate
with the SM through a unique renormalizable interaction, λm, of the Higgs portal type.
In this setup the η′ scalar mixes with the SM scalar h′, which, after diagonalization, leads
to the physical η and h fields. The corresponding masses are
m2h = 2λv
2c2β + 2λφv
2
φ s
2
β − λmvvφ s2β , m2η = 2λφv2φ c2β + 2λv2s2β + λmvvφ s2β , (2)
where sβ ≡ sin β, cβ ≡ cos β, with the mixing angle given by tan 2β = λmvvφ/(λφv2φ − λv2).
Here v = 246GeV and λ is the self-coupling of the SM scalar doublet. For mη  mh, this gives
the simple relation, |λm| ' (gX sin 2β · m2h)/(4mAv). Notice that the model is based on only
four independent parameters, which can be taken, for example, to be mA, mη, sin β (or λm)
and gX (or αX ≡ g2X/4pi).
In Appendix A we show current constraints on the mixing angle β due to invisible decay
of the SM scalar boson h. In general, they imply small mixing angles. As a result, one can
distinguish between a HS, consisting of the DM fields and the scalar η, and the visible sector
consisting of the SM particles, both of which are connected via the λm connector interaction.
For small sin β, the DM particles have the following interactions
Lint = LHS + Lconnect , (3)
LHS = g
2
X
8
[
4 ∂µAν A
µAν − 2 (AµAµ)2 + AµAµ η2 + 2 vφAµAµ η
]
, (4)
Lconnect = g
2
X
8
AµA
µ
(
s2β h
2 − s2β η h− 2 sβ vφ h
)
(5)
(where SU(2)X indices sum is implicit). Here the label HS and connect refer to the interactions
within the HS and to the portal interactions between the visible and hidden sectors, respectively.
Associated to the non-Abelian character of the gauge symmetry, LHS includes a trilinear gauge
term which allows processes with an odd number of gauge fields. Regarding the purpose of
this work, Eq. (3) describes the main ingredients of the HVDM model, including DM self-
interactions (Fig. 1), HS-SM interactions (Fig. 2) and DM annihilation processes.
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FIG. 2. Most relevant processes that transfer energy through the Higgs portal mixing between the
visible sector (i.e. SM particles) and the HS sector (η and A particles).
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FIG. 3. Tree level diagrams for the process AA↔ AAA.
As is well known, 3-to-2 processes are forbidden in most well-established DM setups, where
the DM stability is guaranteed by a Z2 symmetry.3 One possible way to circumvent this issue is
to consider a different discrete symmetry such as a Z3 [39, 40]. This procedure is rather ad hoc
and it is not necessary in models where the DM stability is not imposed by hand but emerges as
a result of the DM dynamics [37, 56–58]. HVDM model falls into this category. In fact, in this
model, while DM is stable because of the SO(3) accidental symmetry, still the annihilation of
three DM particles into two takes place naturally, induced by the gauge nature of the trilinear
term. For instance, in Fig. 3 we show the tree level diagrams leading to the conversion of three
DM particles into two of them.
For the phenomenological study of the following sections, this model is implemented in
FeynRules [59, 60] and the output in obtained in CalcHEP [61].
3 In Z2 symmetric DM models, however, 4-to-2 annihilations are allowed and could be the dominant ones [55].
7III. DARK MATTER SELF-INTERACTIONS
There are many physical mechanisms that can lead to self-interacting DM. In the HVDM
model, this arises in two different ways: via the exchange of the scalar mediators η or h (Fig. 1-
bottom) or via the quartic and cubic hidden gauge interactions (Fig. 1-top). If the mediators
are heavier than the DM, the latter processes typically dominate. In this case the perturbative
calculation is reliable and the corresponding cross section depends only mildly on the non-
relativistic DM velocity. In particular, in the limit of small mixing and vanishing relative
velocity, the Born approximation cross section reads
σAA =
65
9
α2X
m2A
[
1 +O
(
m2A
m2η
)]
. (6)
Of particular importance is the fact that in this case, if αX . 1, in order to obtain the order
of magnitude associated to the solution of small-scale problems, i.e. σAA/mA ∼ 0.1 cm2/g, one
needs mA . 400MeV.
On the other hand, when the scalar mediators are significantly lighter that the DM, non-
perturbative effects may become important. In the HVDM model, for small mixing angles
(so that Higgs-mediated processes are negligible), these effects are encoded in the attractive
Yukawa potential4
V (r) = −αX
16
e−mη r
r
. (7)
Non-perturbative effects become relevant when the range of the potential 1/mη is larger
than the ‘Bohr radius’ of a DM pair, (αX mA)−1. Along this work we will refer to this condi-
tion, i.e. mη . αXmA, as the light mediator case. For non-relativistic DM, the self-interacting
cross section can be obtained by solving the corresponding Schrödinger equation to this poten-
tial [29, 62]. Note that the t-channel exchange of scalars displays a collinear divergence that
translates into a divergent total self-interacting cross section. However, this is irrelevant for
the DM distribution in galaxies because it is only important when cos θ → 1, which leaves the
corresponding DM trajectories unchanged. Due to this fact, for a light mediator it is more
convenient to use the transverse cross section, σT ≡
∫
dΩ (1− cos θ) dσAA/dΩ.
Also, for light mediators, a non-trivial dependence on the velocity emerges as a result of the
non-perturbative effects. This is crucial because, due to this, the self-interaction cross section
changes, according to the astrophysical system under consideration. DM typical velocities today
can vary from ∼ 10 km/s (in small-scale objects such as dwarf galaxies) to ∼ 1000 km/s (in
clusters). One can qualitatively identify two different regimes depending on the value of the
velocity or, more precisely, depending on how the de Broglie wavelength of the DM, (mAv)−1,
compares to the range of the potential 1/mη.
The first regime holds when mA v/mη . 1. It is known as resonant regime because in this
case the formation of quasi-bound states becomes possible and there is an enhancement on
the self-scattering cross section by a few orders of magnitude [29, 31]. In this work, instead of
solving the Schrödinger equation, we closely follow Ref. [31], where it was shown that in this case
the Yukawa potential can be well approximated by a Hulthén potential, whose corresponding
Schrödinger equation admits an analytical solution, from which the self-interaction cross section
can be calculated in the s-wave limit.
4 Note that there is a prefactor difference with respect to the canonical Yukawa potential. This results from:
a) the way the couplings are normalized, and b) the fact that in our case the colliding particles are vector
bosons and not fermions.
8On the other hand, if the range of the potential is much larger than the de Broglie wavelength,
i.e. mA v/mη  1, the classical regime holds. Here, although the perturbative result does not
apply, no resonances exist. For this scenario, in order to calculate the self-interacting cross
sections, we use the fit reported in Refs. [26, 63], as also summarized in Ref. [31].
In contrast to the perturbative case, in both the resonant and classical regimes, since the
self-interacting cross section is enhanced by non-perturbative physics, the DM mass does not
have to necessarily lie below a few hundreds of MeV.
DM self-interactions induced by a heavy mediator, denoted as σAA, or by a light mediator,
denoted as σT , would lead to slightly different effects in observations [64]. Nevertheless, for the
sake of simplicity, we will not distinguish them any further in this work. Instead, we assume
the same bounds on both, and take σAA(σT )/mA . 1 cm2/g as derived from observations of
colliding clusters (v ∼ 1000 km/s). Such a simplification is in practice justified, given the
large uncertainties in existing astrophysical data. At last, in order to address the small scale
problems in the HVDM model, we only focus on self-scattering cross section in the range
0.1 . σAA(σT )/mA . 10 cm2/g on dwarf galaxy scales (v ∼ 10 km/s), and refer to this
condition as self-interaction hypothesis throughout the paper.
IV. VARIOUS POSSIBILITIES OF ACCOUNTING FOR THE DARK MATTER
RELIC DENSITY
If DM belongs to a HS which communicates to the SM sector through a portal, as is the
case for the HVDM model, there are several ways along which the DM relic density could have
been produced. From the less coupled case to the most coupled case, and following Ref. [46],
the main ways are:
0) No portal. The level zero is to consider no connector at all or a very tiny one, such that it
has no effect on the DM relic density. In this case the HS has to be created independently
of the visible sector at the end of inflation and it has a history which can be probed only
through DM gravitational and self-interacting effects.
1) Freeze-in. The next possibility is based on both (i) a DM particle which does not thermal-
ize in the HS (i.e. tiny αX) and (ii) a portal which is small enough for both sectors not to
thermalize, but large enough to create DM particles out of the visible sector (i.e. through
the λm interactions). This is the freeze-in mechanism [42, 43, 65], where the final DM
abundance is uniquely determined by the strength of the portal interactions, such as the
processes illustrated in Fig. 2. This regime does not need large values of the portal,
typically requiring λm ∼ O(10−12) to O(10−10), due to the fact that, unlike in the usual
freeze-out scenario, there is no Boltzmann suppression for the DM density. The necessary
suppression of the production rate precisely comes from the smallness of the portal. An
assumption typically made along this regime is that after reheating the number of DM
particles was negligible with respect to the number created through the portal. The bulk
of the relic density will be created through the mediator and determined solely by the
mass and interactions of the particles involved in the model.
Clearly this scenario generically does not apply to the case where the required amount
of self-interactions proceed through a heavy mediator because. If that is the case, the
self-interaction hypothesis leads to either a large self-interacting coupling (αX) and thus
to the thermalization of the HS with itself or to a very low mA at the verge of hot DM,
9as we will see in Section V. For the light mediator case nevertheless, we will show in
Section VI that the freeze-in scenario is interestingly viable, due to the fact that in this
case the self-interaction hypothesis does not require neither so large values for the HS
self-coupling αX nor a tiny DM mass.
2) Reannihilation. For same values of the portal interaction than in the freeze-in regime,
if one increases the HS interaction, still both sectors do not thermalize with each other
but, at some point, enough HS particles have been created through the portal and the HS
interactions are strong enough to produce a dark thermal bath. The condition for the non-
thermalization of both sectors with each other is neqA (T )
√〈σv〉HS 〈σv〉connect . H [46],
where the HS and connect labels refer to the HS cross section (from αX) and portal cross
section (from λm) respectively, with neqA the total equilibrium DM number density and
H the Hubble expansion rate. Once the HS has thermalized, the Universe is made out
of two thermal baths, each one with its own temperature, T ′ for the HS and T for the
visible sector (photon temperature). The relation T ′ < T naturally holds if reheating has
occurred mostly in the visible sector as we will assume here.
Here, as in the freeze-in regime, both sectors communicate only through out-of-equilibrium
creation of HS particles from the visible sector through the portal, Fig. 2. This leads to
a situation where once T ′ goes below mA the HS interactions get Boltzmann suppressed
and freeze. The dominant annihilation channels, which diminish the abundance of A,
are DM (semi-) annihilations into η scalars for mA > mη, or AAA→ AA for mA  mη.
Nonetheless, if the portal interaction still produces HS particles when the equilibrium
number density gets largely Boltzmann suppressed (at T ′ ∼ mA/20), the final DM num-
ber density does not freeze in the same way as in the ordinary freeze-out mechanism. In
this case one lies in the so-called reannihilation regime, where the DM freezes later, after
a period of quasi-static equilibrium between the source term which creates DM particles
and the HS processes which annihilate them (see Refs. [44, 45] for a decay process and
Ref. [46] for a scattering process).
We will see that for the HVDM setup with no light mediator to enhance the self-
interaction, this regime does not apply because in this model the source term has already
stopped to be active before DM freezes out in the HS. The discussion of this regime in
presence of a light mediator is more involved as we will see in Section VI.
3A) Dark freeze-out with T ′ < T . As just mentioned, with T ′ < T , if the source term is still
active at the time when the DM annihilations become largely Boltzmann suppressed,
one lies in the reannihilation regime. If instead, still with T ′ < T , the source term has
already ceased to be active at this time, one has a freeze-out process in the HS (‘dark
freeze-out’) [47, 48]. It is analogous to the usual freeze-out except for the fact that it
occurs in a separated sector with a temperature T ′ smaller than T . In Section V we will
show in detail that this regime can be easily successful for the case of no light mediator
to enhance the self-interactions, if the freeze-out is dominated by 3-to-2 processes.
For a 2-to-2 freeze-out with a light mediator, the situation is completely analogous to the
reannihilation case, as we will see in Section VI.
3B) Dark freeze-out with T ′ = T . Increasing even more the connector interaction, for example
for λm & 10−7 if mA = 10GeV, the two sectors thermalize (T ′ = T ) and the relic
density results from an ordinary freeze-out driven by the HS interaction. We will show
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FIG. 4. Phase diagrams for mA = 0.1 and 10GeV, in the case mη  mA, assuming that the HS has
been created through the portal. The solid blue line shows the values of λm and αX which lead to the
measured DM relic density. Above (below) this line one gets a too small (large) relic density. Due to
the high computational time required for analyzing regimes 2 and 3A, we do not try here to separate
them.
in Section V that this regime does not work for a heavy mediator under the assumption
of perturbativity. That is, the dark coupling needed to obtain both the observed relic
abundance and self-interactions is too large. Also, the kinetic equilibrium between the
HS and the visible sector in this model can only be established from assuming extra non-
renormalizable interactions. Moreover, in the case of a light mediator this regime is in
strong tension with various experimental constraints.
4) Portal interaction freeze-out. By increasing even more the connector interaction, one ends
up with the last regime, where not only both sectors thermalize as in the previous case,
but also the freeze-out process is dominated by connector processes, rather than by HS
processes. As we will see, this regime does not work under the self-interaction hypothesis
anyway.
For the HVDM setup, plotting which regime corresponds to a given set of parameters is
not possible in general because it depends in a complex way on four independent parameters.
However for the light mediator case, mη  mA, the dependence of the phenomenology on mη
is tiny, and hence for a fixed value of mA one can show the various regimes according to the
values of αX and λm. As an example, in Fig. 4 we schematically show the phase diagram for
mA = 0.1 and 10GeV, as will be explained in Section VI. The parameter space giving rise to
the observed relic density is sketched as a solid blue line.
In the next Sections we will consider each regime one-by-one in more detail, in particular
the two regimes which can easily fulfill all constraints: dark freeze-out via 3-to-2 processes with
T ′ < T and freeze-in with a light mediator. For each case, we will determine the parameter
space of the model which addresses the small-scale problems and is in agreement with the relic
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density, DM direct and indirect detection, BBN, CMB, X-ray constraints, as well as the cluster
bound on self-interactions.
V. SCENARIO WITH NO LIGHT MEDIATOR
In this Section we consider the case where the self-interactions are not enhanced by any
light mediator. For the HVDM model this means that mη is larger than mA.5 Importantly,
as discussed in Section III, in this case large enough self-interactions require mA . 400MeV
and a large value of the associated coupling αX . Moreover, such a light DM also requires a
very suppressed portal in order to avoid observable invisible decay of the SM scalar (as given
by Eq. (A5) of Appendix A). With this in mind, we consider now the various DM production
regimes introduced in Section IV. For convenience we discuss them in the reverse order, i.e. we
will consider them from the usual cases where both sectors are the most coupled to the less
considered cases where they are less coupled. This Section illustrates the observation that in
simple models with no light mediator to enhance the self-interaction cross section, it is in general
difficult to accommodate all constraints, unless one considers a freeze-out DM production regime
with 3-to-2 annihilations and T ′ < T .
Regime 4: Portal Interaction Freeze-out
This regime corresponds to the usual thermal freeze-out, where a couple of DM particles
annihilate into a pair of SM particles. In the HVDM setup it is not viable. In fact, for
mA . 400MeV, the only kinematically allowed final states consist of light fermion pairs, with
a corresponding thermally averaged annihilation cross section 〈σv〉AA→ff¯ ∼ y2f αX sin2 β/m2A.
Such cross section is very suppressed because of the small mixing angle and the Yukawa coupling
yf , far from the canonical value of few 10−26 cm3/s [25]. Thus it would give rise to an overclosed
Universe. In addition, if one assumes values of αX large enough to fulfill the self-interaction
hypothesis, the connector processes are slower than the HS ones, so that the DM production is
dominated anyway by HS processes. This brings us to the next regime.
Regime 3B: Dark Freeze-out with T ′ = T
As explained in Section IV, the next most coupled regime assumes a connector (from λm)
sufficiently large for both sectors to reach kinetic equilibrium with each other, T = T ′, but
small enough for DM annihilation into SM particles to be slower than DM annihilations into
HS particles. If mη > mA, as we consider here, the AA → ηη and AA → Aη annihilation
channels are kinematically closed. In this case only the 3-to-2 processes and connector processes
are possible. It turns out that for the part of the parameter space which is relevant for self-
interactions (i.e. large enough αX and mA . 400MeV), even if the 3-to-2 processes are phase
suppressed they are still faster than the (Yukawa suppressed) connector processes. Therefore
they dominate the DM production.
5 Strictly speaking, in this scenario one can also consider the case when mη is slightly lighter than mA, because
in that situation there is no enhancement of the self-interacting cross section due to quantum mechanical
effects associated to the lightness of the mediator. Nevertheless, if mη . mA, 2-to-2 DM annihilation to η
scalars is the dominant process and the scenario is not viable. One encounters the usual problem of 2-to-2
frameworks without light mediator to enhance the self-interaction: large self-interactions (driven by αX)
imply a very fast annihilation rate (also driven by αX), i.e. a very suppressed relic density.
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Concretely, the 3-to-2 interaction rate is given by Γ3→2 = n2eq〈σv2〉3→2, where neq is the
DM equilibrium number density and 〈σv2〉3→2 is the generalized thermal averaged cross section
which, from dimensional arguments, scales as α3X/m5A [36]. This gives a rate ratio
ΓAA→ff¯
Γ3→2
=
neq〈σv〉AA→ff¯
n2eq〈σv2〉3→2
∼ 1
9
(
mAT
′
2pi
)3/2
e−mA/T ′
y2f αX sin
2 β
m2A
α3X
m5A
∼ y
2
f sin
2 β
10−10 α2X
 1 , (8)
where in the next-to-last step we assume a ratio of DM mass to dark temperature T ′ close to
20 (cf. Eq. (B12) in the Appendix). In other words, a scenario whose mediator is heavier than
the DM particle and at the same time compatible with the solution of the small-scale problems
predicts that the dominant annihilation mechanism is a 3-to-2 annihilation (this was actually
one of the original motivations in Ref. [36]).
Note that since the η boson can not be arbitrarily heavy with respect to the DM,6 in principle
not only the AAA → AA annihilation must be considered but also 3-to-2 processes involving
η scalars in the initial and final states. However, in practice it turns out that the latter are
subdominant due to the following reasons. On the one hand, at the time of DM freeze-out,
when the 3-to-2 process stops taking place, the η particles have effectively disappeared from
the thermal bath because they either decay into DM particles or (co-)annihilate very efficiently
into DM pairs via 2-to-2 processes. On the other hand, calculating analytically the generalized
cross sections 〈σv2〉 in the non-relativistic limit for the processes AAA→ AA, AAA→ Aη and
AAA → ηη, we find that 〈σv2〉AAA→AA/〈σv2〉AAA→Aη ∼ 10 and 〈σv2〉AAA→AA/〈σv2〉AAA→ηη ∼
17. As a result, it is safe to neglect the channels involving η without loss of generality and
consider only the process AAA → AA. In this way, this setup is a realization of the scenario
studied in Refs. [35, 36]. The cross section 〈σv2〉AAA→AA depends mostly on mA and αX ,
provided that the mixing angle is small, sin β  1. There is also an additional dependence on
mη, but this is negligible as long as 1 < mη/mA <
√
8/αX .
Assuming that temperatures of both sectors are equal at least until the chemical freeze-out,
the evolution of the DM relic density can be solved using the Boltzmann equation given in
Appendix B, Eq. (B3). In particular, we obtain the cross section 〈σv2〉3→2 that matches the
observed relic abundance using the instantaneous freeze-out approximation
〈σv2〉3→2 ≈
(
8.65GeV−5
)
x4FO g
−1.5
∗FO
(
1GeV
mA
)2
, (10)
with xFO ≡ mA/TFO given by Eq. (B12). Using the analytical expression for 〈σv2〉3→2, in the
left panel of Fig. 5 we show (black thick solid line, labeled as T ′/T |FO = 1) the value of gauge
coupling that reproduces the observed DM relic abundance as a function of mA, assuming
kinetic equilibrium between both sectors.
Using Eq. (6), the self-interaction hypothesis determines a region in the plane αX − mA
lying between the straight diagonal lines in the left panel of Fig. 5, where gray, red and blue
lines correspond to σAA/mA = 0.1, 1 and 10 cm2/g, respectively. The region for which the
6 Both particles acquire their masses by the breaking of the hidden gauge symmetry SU(2)X . In fact, the
perturbativity of the scalar potential implies
λφ =
(
m2h sin
2 β +m2η cos
2 β
8m2A
)
g2X ≈
(
mη
mA
)2 (pi αX
2
)
. 4pi , (9)
which leads to mη/mA <
√
8/αX , and hence to a η boson only modestly heavier than the DM.
13
101 102 103
mA [MeV]
10−2
10−1
100
101
α
X
T ′/T |FO = 1
T ′/T |FO = 1/2
T ′/T |FO = 1/3
101 102 103
mA [MeV]
10−1
100
101
σ
A
A
/
m
A
[c
m
2
/
g
]
FIG. 5. Values of αX and mA which yield the observed DM relic density. The black solid lines
correspond to thermal production of DM via the 3-to-2 mechanism under the assumption of kinetic
equilibrium (i.e. T = T ′) until freeze-out. The gray, red and blue lines give a value of σAA/mA equal
to 0.1, 1 and 10 cm2/g, respectively. The area where perturbation theory breaks down, αX > 1, is
shown in blue, whereas the region excluded by cluster observations is the hatched one. We also give
the values of αX and mA which yield the observed DM relic density assuming T ′/T ratios at freeze-out
different from one (black dashed lines).
perturbative calculation we have done is not expected to be reliable (αX > 1) is shown in
blue. The parameter space disfavored by cluster observations (i.e. where σAA/mA > 1 cm2/g)
is shown in hatched light-red. In the right panel we present the same information in a slightly
different way, showing on the vertical axis the corresponding values of the self-interacting cross
section.
Fig. 5 shows that the measured relic abundance can not be obtained for perturbative values
of αX unless one allows the area which is disfavored by cluster observations. We therefore
conclude that the 3-to-2 mechanism is either in tension with experimental data or requires a
more elaborated analysis that includes non-perturbative effects [37].7
We close this subsection by discussing an additional problem one encounters in this regime
related to kinetic equilibrium. As mentioned in the introduction, an important issue concerning
3-to-2 annihilations comes from the fact that when three DM particles annihilate into two HS
particles, a sizable part of the rest energy is transformed into kinetic energy. This ability of
the HS to reheat itself can modify significantly structure formation [66]. One way to avoid
this is to assume kinetic equilibrium between the DM and the SM, at least until the DM
freezes-out [36, 39], so that the SM particles absorb the released kinetic energy in the 3-to-2
reactions.8 This is basically what we have assumed above to derive the results of Fig. 5 (for
T ′/T |FO = 1). However such an assumption is far from granted as it requires a sizable portal
interaction between both sectors.
Since we deal with temperatures around 100MeV, kinetic equilibrium could be driven from
interactions with electrons. A generic way of describing such a portal interaction below the
7 For the HVDM model, one can expect that in its confined phase [50] the scalar bound states are lighter than
the vector bound states. In that case, the 2-to-2 annihilations of the DM vector bound states to scalar bound
states dominate over the 3-to-2 processes.
8 Other possibilities have been considered in the literature, e.g. an enlarged HS with relativistic particles, such
as Goldstone bosons, which absorb the energy released in the 3-to-2 reactions [40]. We do not consider these
possibilities here.
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electroweak scale is to use the effective operator
L = 1
Λ3
(Dµφ†Dµφ) e¯e SU(2)HS→SO(3)−−−−−−−−−→ m2A
Λ3
(AµA
µ) · (e¯e) , (11)
which mediates DM scattering off electrons. Notice that this operator does not break the
custodial symmetry SO(3). In the HVDM model, such an operator is induced by the exchange
of η scalars, with Λ ∼ [m2ηmA/(gφ ye sin β)]1/3. More generally, such an effective operator can
be obtained by the exchange of beyond the SM particle(s) between the electrons and the DM
particles. The elastic scattering cross section induced by this operator is
〈σv〉kin ≡ 
2
m2A
, with  ≈ 5.6× 106
(mA
Λ
)3
, (12)
where a dimensionless parameter  is defined to characterize the strength of the scattering.
It has been shown that when the annihilation into electrons is slower than 3-to-2 reac-
tions [36], as is our case for this regime, in order to keep kinetic equilibrium between the DM
and the SM, it is necessary that 10−9 .  . 10−6. This translates into a bound on the scale of
the operator of 200GeV . Λ . 2 TeV for DM masses around 100MeV.
In the HVDM model (with only renormalizable interactions), due to the smallness of the
electron Yukawa coupling, the lower bound on  (i.e upper bound on Λ) implies that sin β &
10−3 in the parameter region of interest. However, for the same parameter region, the LHC
measurement of the Higgs invisible decay width has excluded sin β & 10−5 as explained in
Appendix A. Therefore, we would have to assume that additional new physics is responsible
for the operator in Eq. (11).
As we will show in the next Section this kinetic equilibrium constraint can be avoided in
another way, if we assume that both sectors have never been in thermal equilibrium, with a HS
temperature T ′ smaller than the visible temperature T , and with a self-thermalized HS due to
large enough dark interactions.
Regime 3A: Dark Freeze-out with T ′ < T
In the previous regime two problems were found. On the one hand, the mixing through the
Higgs portal is not enough to maintain the kinetic equilibrium between both sectors, so new
physics must be invoked in order to reach it. On the other hand, with perturbative values of αX ,
one can not simultaneously reproduce the correct DM abundance and fulfill the self-interaction
hypothesis. Interestingly, both problems can be avoided in the present regime: dark freeze-out
without thermalization of both sectors, T ′ < T .
As discussed in Section IV, this regime requires a relatively large value of the HS interaction
so that it thermalizes with itself, but still a small connector, so that the HS does not thermalize
with the visible one. Accordingly both sectors naturally have different temperatures. In this
regime it is also assumed that at a temperature T ′ ∼ mA/20 there is no production of DM
particles from the visible sector (that is, no reannihilation), so that a freeze-out of the dark
interaction occurs just as in the standard freeze-out except for the fact that it occurs in a HS
with T ′ < T . In fact in the HVDM model, or more generally in models where the connector is
of the Higgs portal type, this assumption is automatically fulfilled because, as discussed above,
the connector AA→ ff¯ processes are suppressed by small Yukawa couplings.
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Thus the visible and hidden sectors evolve separately from each other, with different tem-
peratures and entropies long before DM freezes-out.9 This is the crucial difference between this
case and the previous regime.
Assuming different temperatures in both sectors, we solve the Boltzmann equation using the
instantaneous freeze-out approximation for two temperature ratios, T ′/T |FO = 1/2 and 1/3, as
described in Appendix B. The corresponding results are overlaid in Fig. 5. We observe that
the measured relic abundance can be obtained for αX values well in the perturbative range as
long as we assume a freeze-out temperature ratio, T ′/T , smaller than one. This stems from the
following reason. Since the HS remains colder than the SM, the equilibrium DM abundance
is smaller than in the case where both sectors thermalize. During the freeze-out it is thus not
necessary to deplete as much DM as before, so a smaller cross section 〈σv2〉3→2 leads to the
observed DM density. Correspondingly, smaller values of αX are needed in order to get the
correct DM abundance for a given DM mass. As a consequence, the 3-to-2 mechanism in this
scenario is no longer in tension with perturbativity and cluster constraints, as can been seen
from the two dashed and dashed-dotted black lines in Fig. 5. Furthermore, the smaller T ′/T
is, the colder DM is during the formation of the first structures. This allows us to surpass the
problems associated to the fact that DM heats up itself via 3-to-2 annihilations. As we will
see below, for the value of T ′/T needed to satisfy the self-interaction hypothesis and the relic
density constraint, such problems turn out not to be a matter of concern anymore. In this way,
as DM is colder, establishing the kinetic equilibrium is not required in this regime to satisfy
the structure formation constraints.
We now discuss step by step the thermal history of DM in this scenario, including the physics
responsible for the difference in temperatures of both sectors at the freeze-out time. This occurs
as follows:
(a) As just mentioned, the regime we consider here requires that both sectors thermalize sep-
arately, with T ′ < T . A simple way to justify such a temperature hierarchy is to assume
that, during the reheating time, no or very few HS particles were created but that the HS
was slowly populated from the visible sector through the various processes of Fig. 2. For a
given value of the connector coupling λm, the energy transferred from the visible sector to
the HS at T 'MEW can be estimated to be [46]
ρ′/ρ ∝ λ2mMPl/MEW , (13)
with ρ′ and ρ the energy densities stored in the hidden and visible sectors, respectively. This
means that a tiny value of the connector is already enough to transfer a large amount of
energy. Once a sufficiently large amount of energy has been transferred, i.e. once a large
enough number of DM and η particles have been created through the connector, the HS
thermalizes and a dark thermal bath forms. Following the arguments of Ref. [46, 68], for
example for αX ∼ 0.1, one can check numerically that dark thermalization happens around
T ∼ O(TeV) if λm is larger than ∼ 10−12. Notice that the thermalization process increases
the HS number density at the expense of reducing the average energy per dark particle.
(b) As mentioned above, the energy transfer stops before T ′ reachesmA because at these temper-
atures connector processes are suppressed by the smallness of both the SM fermion Yukawa
couplings and the mixing angle. This occurs at T ∼ O(10)GeV. After this time, both sectors
9 For other scenarios with 3-to-2 annihilations and different temperatures of the visible and hidden sectors see
e.g. Ref. [67].
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are completely decoupled and the corresponding entropies are conserved separately. In this
epoch, since both sectors are relativistic, their temperatures are inversely proportional to
the scale factor a, and therefore T ′ ∝ T ∝ 1/a. Due to the same reason, the yield YA, i.e. the
ratio of DM number density to SM entropy density, is basically constant.
(c) Once T ′ drops below mA, DM becomes non-relativistic, the yield is no longer constant
and, as long as the HS interaction is in thermal equilibrium, it becomes more and more
Boltzmann suppressed. Using entropy conservation in the HS, it is possible to conclude that
the exponential suppression factor leads to a milder dependence of the dark temperature on
the scale factor than before, namely, T ′ scales as the inverse of the logarithm of the scale
factor [35], T ′ ∝ 1/ log a. As a result of this, while the visible sector cools down due to the
Universe expansion as 1/a, the HS cools down in a much slower way, i.e. T ′/T increases as
∼ a/ log a. This stems from the fact that chemical equilibrium still holds and consequently
the 3-to-2 reaction ‘heats’ the dark plasma.
If the production process were to start from thermal equilibrium, i.e. T ′/T = 1 at early
times when T ′  mA, T ′/T would become much larger than one subsequently, in particular
at freeze-out. If instead, as we assume here, T ′/T is much smaller than one at T ′  mA,
even if it increases afterwards, it can remain smaller than one at freeze-out. In this way we
avoid structure formation problems, i.e. there is no need any more of establishing kinetic
equilibrium between HS and SM bath, which as argued above is otherwise in general difficult
to satisfy.
(d) At last, the interaction rate of the 3-to-2 process becomes smaller than the Hubble expansion
rate, leading to departure from chemical equilibrium. The total number of DM particles
freezes and, as usual, the average momentum of DM simply redshifts with the Universe
expansion. Moreover, as DM momentum is inversely proportional to the scale factor, its
average kinetic energy goes like the square of it. Correspondingly, after the non-relativistic
freeze-out, the DM temperature decreases faster than the visible one as T ′ ∝ T 2.
The evolution of the DM yield is shown in Fig. 6 for a particular benchmark point with
mA = 100MeV that matches the DM relic density as measured by Planck [69]. There, we
depict the evolution of dark temperature and DM yield on the left and right panels, respectively.
(a) On the first place, for x . 7 · 10−3, i.e. T & 14GeV, the energy transfer from the visible
sector to the HS takes place and as a result the dark temperature increases with respect to the
visible one. Correspondingly, on the right panel we observe that the DM abundance grows.
(b) In between x ∼ 7 · 10−3 and the time when DM becomes non-relativistic, at x ∼ 3 · 10−2
(i.e. T ′ ∼ mA/3), both the visible and the dark temperatures have a common slope signalizing
that they are proportional to each other. During this period the YA yield is basically constant.
(c) When the DM becomes non-relativistic, at about T ′ ∼ mA/3 and before the freeze-out,
or in the plot for 3 · 10−2 . x . 7, the DM abundance becomes Boltzmann-suppressed and
T ′ only decreases logarithmically due to entropy conservation. In fact, the temperature ratio
T ′/T changes from 1/100 to about 1/3 during this epoch. (d) Finally, after x ∼ 7, the chemical
decoupling takes place as the actual abundance starts to deviate from the equilibrium value
and DM freezes-out. Likewise, T ′ ∝ T 2 as argued before.
Beyond this benchmark example, to determine the allowed parameter space it is convenient
to proceed as follows. As described above, after the energy transfer from the visible to the
HS stops, typically at T ∼ O(10)GeV, the ratio of entropies between visible sector and HS,
ξ ≡ s/s′, becomes a constant only depending on the portal coupling. Thus, it is convenient
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FIG. 6. Dark Freeze-out with T ′ < T for the benchmark point mA = 100MeV, mη = 300MeV,
αX = 0.08 and λm = 4.3× 10−12. Left panel: Evolution of the temperatures of the visible and hidden
sectors, labeled as T and T ′, respectively. The horizontal dotted line corresponds to a temperature
equal to the DM mass. Right panel: The evolution of the ratio DM number density to SM entropy
density yield, YA = nA/s. The red solid curve corresponds to the actual evolution, while the dashed
blue line corresponds to the equilibrium value neq(T ′)/s(T ) (labeled as thermal). We also show the
yield corresponding to the observed DM abundance (dotted black line, labeled as ΩAh2 = 0.12 [69]).
to take this entropy ratio as one of the input parameters. From it, one can calculate the
temperature ratio between the two sectors when the DM is relativistic
ξ =
g∗s(T )
10
(
T
T ′
)3
, (14)
where g∗s(T ) is the relativistic degrees of freedom contributing to the visible sector entropy at
a temperature T , while the factor 10 corresponds to relativistic degrees of freedom in the HS
(three for each spin-1 boson and one associated to the scalar η). Furthermore, using entropy
conservation in the HS as well as the observed relic abundance, it is possible to prove that the
DM temperature at the freeze-out [35] is
T ′FO ' (3.6 eV) · ΩAh2 · ξ . (15)
For instance, in Fig. 6 the chosen benchmark corresponds to ξ ∼ 107 and T ′FO ∼ 5MeV.
That being the case, all relevant physical constraints on this regime can be expressed in
the plane αX − mA. Concretely, for a given gauge coupling αX and a DM mass, one can
determine the value of 〈σv2〉3→2 (since the dependence on mη is negligible, as explained above).
From this value we can calculate the temperature TFO that is required to give the observed DM
abundance, using Eq. (10) (see also Appendix B for details). From TFO, one can then determine
T ′FO with Eq. (B12), and hence the value of ξ needed from Eq. (15), and thus the temperature
ratio when the HS particles are relativistic from Eq. (14). Putting all these pieces together, the
various constraints and the resulting allowed parameter space are shown in Fig. 7.
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FIG. 7. Values of the temperature ratio T ′/T at T ′ > mη (and after the connector has ceased to create
HS particles) required in order to generate the measured DM abundance via the 3-to-2 dark freeze-out
(colored band) under the assumption of no kinetic equilibrium between the hidden and visible sectors.
The gray, red and blue lines correspond to σAA/mA = 0.1, 1 and 10 cm2/g, respectively, so that
the hatched light-blue region is excluded by the cluster bound, σAA/mA > 1 cm2/g. The left-top
white region is excluded by Lyman-α data. We also show the values of mA and αX which lead to
reannihilation and freeze-in regimes rather than dark freeze-out. See text for details.
As in Fig. 5, the gray, red and blue lines correspond to σAA/mA = 0.1, 1 and 10 cm2/g,
respectively. Similarly, the cluster exclusion and non-perturbative regions are given by the
hatched light-blue region and blue top band, respectively. In addition, the upper white region
turns out to be excluded by Lyman-α constraints, which we conservatively take as TFO &
1 keV [70]. Fig. 7 also shows that in order to satisfy the self-interaction hypothesis and the
relic density constraint one needs mA . 400MeV.
To sum up, the 3-to-2 mechanism, under the assumption of a HS cooler than the visible
sector, arising naturally if the HS is created from the visible sector through a small portal,
solves the two problems found in the regime 3B. Concretely, there is no tension with cluster
observations anymore and there are regions of the parameter space where the relic density is
obtained with perturbative gauge couplings, as illustrated in Figs. 5 and 7.
Regime 2: Reannihilation
Fig. 7 shows the fraction of the mA-αX plane which leads to the reannihilation regime.
Clearly this regime is not compatible with large self-interactions as required by the small-
scale problems. This happens because of the following reasons. As explained above, the
(Yukawa suppressed) Higgs portal ceases to transfer energy from the visible sector to the HS
at T ∼ O(10)GeV. Thus reannihilation is possible only if TFO > 10GeV. Not surprisingly, the
corresponding lower bound on mA for reannihilation to occur is not far below 10GeV (given
the facts that in this regime mA & T ′FO & 10GeV·(T ′FO/TFO) and that in order to have the
correct relic density a large enough value of the ratio T ′FO/TFO is required). For such value of
mA, the self-interaction hypothesis can only be fulfilled with non-perturbative values of αX ,
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whereas reannihilation occurs only for much smaller values of αX . Notice that the line where
the Lyman-α exclusion starts and the line where reannihilation takes place are parallel because
they are both constraints on the same parameter, namely, TFO.
Nevertheless, since the HS cross section required to yield the observed DM abundance is in
general of the same order of magnitude as in the previous regime [46], we must emphasize that
in other models reannihilation could certainly work. This requires that, unlike here, the process
transferring energy from the visible sector to the HS are not suppressed at T ′ ∼ mA ∼ 100MeV.
This could be the case, for example, by considering a gauge portal, i.e. a Z ′, which is not Yukawa
suppressed as the Higgs portal we have considered here.
Regime 1: Freeze-in
The freeze-in regime is based on the assumption that the DM particle never thermalizes with
any other particle. Clearly, this can only happen if both the connector and the HS interactions
are very small. Fig. 7 shows the region, labeled as ‘Freeze-in’, where this assumption is fulfilled.
We see that either the values of αX that are required to reproduce the observed relic density in
this case are too small to have enough self-interactions, or the mass must be very low, namely,
mA of order few keV. Actually, the Lyman-α constraint shown in Fig. 7 does not apply here
because there is no DM temperature in the freeze-in regime as dark thermalization does not
happen. Nevertheless, the kinetic energy of DM particles -which simply redshifts after they are
produced- is expected to have a value close to the value of the visible temperature T . Thus the
relevant constraint is simply the usual hot DM one, mA & 3 keV [70]. One finds therefore a
small region of parameter space, with mA between 3 keV and 10 keV, where all constraints can
be fulfilled. One can also check that this case is compatible with constraints on the amount of
extra relativistic degrees of freedom.
Regime 0: No Portal
Finally if the connector is so tiny that it has never had any practical impact, one can consider
two possibilities, depending on whether the HS thermalizes or not. If it does not thermalize,
although there is a relic density we can not predict its value unless we address the physics
responsible for the reheating process [71, 72]. We will thus not consider this possibility any
further. If it thermalizes, then the HS is characterized by a temperature T ′ which could be
smaller or larger than the visible sector one. If it is smaller, this leads to a viable scenario, which,
as soon as the HS thermalizes, proceeds exactly in the same way as for the out-of-equilibrium
dark freeze-out scenario above.
VI. SCENARIO WITH A LIGHT MEDIATOR
In this Section we consider the light mediator case, mη  mA, examining the various DM
production regimes one-by-one as in the previous Section. As discussed in Section III, in this
case large self-scatterings can be achieved via non-perturbative effects due to the lightness of
the mediator η.
Three preliminary remarks are important to keep in mind all along this Section. First, as
discussed in Section III, in the light mediator scenario, having large enough self-interactions
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FIG. 8. Phase diagrams for two fixed values of αX , assuming mη  mA. The parameter areas
in various colors correspond to various regimes defined in Section IV. The gray area is excluded by
DM direct detection bounds from LUX/SuperCDMS. The red point gives the parameter set used in the
discussion of the freeze-in regime in the text.
typically requires a fairly low mediator mass, below ∼ 100MeV, and a larger DM mass from
far below GeV to tens of TeV. Second, as the mediator is lighter than the DM particle, DM can
annihilate directly into a pair of mediator particles or to a η and a DM particle, thus 2-to-2
processes always dominate over 3-to-2 annihilations. Third, as we will see in detail below,
stringent constraints on the size of the Higgs portal, and thus on the strength of the connector
processes, apply for low mediator masses.
As mentioned in Section IV, for mη  mA the relic density depends only mildly on mη
and hence the different regimes can be sketched in a phase diagram. This was done in Fig. 4,
which shows, for mA = 0.1 and 10GeV, the production regimes that apply as a function of
the connector interaction λm and HS interaction αX . Similarly in Fig. 8, we give for two fixed
values of αX , the regime that applies as a function of the DM mass and connector interaction
λm. In the figure, we also display the contour lines corresponding to constant values of sin β,
as given by sin β ' 2λmmAv/(gXm2h). Note that for mA  mh, the connector processes are
dominated by the decay of the SM scalar to HS particles, such as h → ALAL where the L
index refers to their longitudinal part, as one can expect from the equivalence theorem. As a
result, the connector processes can be characterized by λm only (or equivalently, gX sin β/mA),
as shown by Figs. 4 and 8. For mA  mh instead, the connector processes are dominated by
pair annihilations of SM particles into HS particles.
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Regime 4: Portal Interaction Freeze-out
The usual freeze-out regime could a priori be realized in the HVDM model from DM an-
nihilations to SM particles via the Higgs portal.10 However, with a light mediator, as for the
3-to-2 case above, this scenario is not viable in the context of self-interacting DM.
If DM is light, say mA . 1GeV, this regime does not work for the same reasons as the ones
stated in Section V. That is, the annihilation cross section via Higgs portal is suppressed by the
smallness of both the mixing angle sin β and the Yukawa couplings of light SM fermions. As a
result, the DM annihilation cross section to the visible sector is always well below the canonical
thermal value. Moreover, the self-interaction hypothesis requires a large value of αX which
makes the annihilations channels into SM particles subdominant with respect to annihilations
into HS particles.
In the opposite case, when mA & 1GeV, this regime is excluded by direct detection ex-
periments. This stems from the fact that in this case the DM-nucleon elastic scattering cross
section is dominated by the t-channel exchange of η particles, which is greater by a factor
of (mh/mη)4 & 1012 with respect to the Higgs exchange (for a more detailed discussion see
Eq. (17) below). Such an enhancement could be compensated by considering tiny values of λm
or αX . But this is not an option because freeze-out via portal interaction requires fairly large
values of the connector while self-interactions require rather large values of αX .
Regime 3B: Dark Freeze-out with T ′ = T
In this regime DM annihilates to HS particles, through AA→ ηη or ηA. The non-relativistic
cross section of these annihilation channels is given by
〈σv〉 ' 11pi
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α2X
m2A
+O
(
m2η
m2A
)
. (16)
Here we do not take into account the Sommerfeld enhancement induced by the lightness of η
because in this sort of scenarios it only leads to a small correction at freeze-out when v ∼ 1/3, as
proven in Ref. [73]. Once the DM abundance is fixed to ΩAh2 ∼ 0.12 [69], the annihilating cross
section of Eq. (16) implies a one-to-one correspondence between αX and mA. Trading αX for
mA through this correspondence, the self-scattering σT/mA cross section can be expressed as a
function of only two parameters, mA and mη. This is shown in Fig. 9, assuming as in Section III
above, the value of the DM velocity which typically applies to dwarf galaxies, v = 10 km/s.
For mA within the GeV to few TeV range, in order to have enough self-scattering, the mediator
mass mη must be in the range ∼ 10−3− 10−2 GeV, unless one lies on a resonance. In that case,
values of mη up to ∼ 300MeV are possible.
Note that the cluster bound discussed in Section III (i.e. σT/mA . 1 cm2/g for typical cluster
velocity v ∼ 1000 km/s) are relevant only for mη below a few keV, thus they do not appear in
Fig. 9.
Given the fact that in this regime the HS is assumed to thermalize with the visible sector,
the connector interaction must be sizable, as shown in Figs. 4 and 8. Consequently, relevant
experimental constraints apply. Besides the constraint coming from the invisible decay width
of the Higgs boson that may apply in this case (see Appendix A) as well as the one from the
10 While this possibility has been studied for mη of electroweak mass scale in Ref. [49], here we are concerned
with the light mediator case, i.e. mη . O(100)MeV.
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FIG. 9. Dark matter self-interactions for regime 3B. Values of mη and mA which yield σT /mA in the
range of 0.1 − 10 cm2/g (top-down), assuming a v ∼ 10 km/s velocity. The upper x-axis gives the
value of αX which leads to observed DM relic density, according to Eq. (16).
electron beam-dump experiment E137 at SLAC which requires sin β . 10−2 [74, 75], one can
distinguish:
1. DM direct detection: The direct detection constraints, as given in particular by the
LUX [76] and the SuperCDMS [77] collaborations, turn out to be very stringent whenever
mA is larger than a few GeV, due to the t-channel light mediator enhancement of the cor-
responding cross section. More precisely, in our model, DM-nucleon elastic scattering is
spin-independent and mediated by the η and Higgs particles. In the limit of mh  mη, the
corresponding cross section is
σAN ' 1
2
αX f
2
N s
2
β c
2
β µ
2
AN(
m2η + 2mNER
) (
m2η + 4µ
2v2
) , (17)
where mN and µAN are the nucleon mass and the DM-nucleon reduced mass, respectively.
Here, ER ∼ O(10) keV is the typical nucleon recoil energy, and fN ∼ 0.3mN/vH is the
effective Higgs coupling to the nucleons. Thus for low mη the direct detection cross section
are largely enhanced.
2. Big Bang Nucleosynthesis: Since along the regime considered here the HS thermalizes,
the η particles are present in large amounts. As a consequence, the late decays of η could
spoil the prediction of BBN abundances if mη is large enough to have a decay product with
sufficient energy, roughly mη & 1MeV. In that case, the η scalar dominantly decays into a
pair of SM leptons, which can not produce hadrons given the η masses under consideration
(see Fig. 9). Accordingly, BBN observations require the η particle to have either a lifetime
shorter than ∼ 104 s or to have a tiny relic abundance before it decays, Ωηh2 . 10−5 [78].
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Note that for mη & 2mµ (which is only possible along the fine resonances shown in Fig. 9),
the BBN bound is less stringent, since the decay channel to muon-antimuon pair is faster.
3. DM annihilations at CMB and low redshifts: It is well known that light thermal DM
annihilating via a s-wave into SM particles is strongly constrained by both CMB measure-
ments and indirect DM searches at low redshifts [79, 80]. In particular, since η is unstable for
mη & 1MeV, DM annihilations produce η particles which subsequently decay into electrons.
Consequently, thermal freeze-out scenario has been excluded for mA . 12GeV by Planck
data [81]. Fermi-LAT data gives similar constraints. For mη < 2me these particular CMB
constraints might not apply because the η particle can have a lifetime much longer than the
time where the last scattering occurred (∼ 1012 s).
4. CMB bounds on energy injection from decaying particles: If the lifetime of η (i.e.
τη) is larger than 1012 s, it is possible to constrain the abundance of η particles at the time
of recombination because its decay products might distort the CMB spectrum via energy
injection in Cosmic Dark Ages. In this work, we take the corresponding constraints from
Ref. [82]. For instance for τη ∼ 1017 s, which is about the age of the Universe, the abundance
Ωη must be smaller than 10−8 after recombination.
5. X-ray emission bound: Whenever the lifetime of the η particle is larger than the age of
the Universe, which may occur for mη < 2me, one has to make sure that the leading decay
channel η → γγ does not lead to a too large cosmic X-ray excess. The corresponding decay
width is
Γ(η → γγ) = sin2 β · Γ(h→ γγ)∣∣
mh→mη , (18)
where Γ(h → γγ) is the Higgs diphoton decay width (see e.g. Ref. [83]). A conservative
bound can be taken as [84–86]
τη & 1028 sec× Ωηh
2
0.12
. (19)
Then, Eq. (18) leads to (
sin β
10−9
)2
·
( mη
1 keV
)3
· Ωηh
2
10−6
. 1 . (20)
From the five constraints above and the thermalization condition (T = T ′) which has to
hold for this regime, one of the following pictures emerges depending on whether η decays into
e+e− or γγ.
• We consider first the case when η decays mainly into electron-positron pairs, therefore
we take 2me < mη < 2mµ.
As explained above, BBN requires the η particle to have either a lifetime shorter than
∼ 104 s or to have a tiny relic abundance before it decays, Ωηh2 . 10−5 [78]. It can
be checked that the latter option is not possible because it is in contradiction with the
relation Yη/YA  1, which naturally holds in this regime before the η particles decay.
Such relation stems from the fact that, when the DM particles become non-relativistic,
their number density gets Boltzmann-suppressed in contrast to the η number density.
The BBN constraint is τη . 104 s, which translates into sin β & 10−7
√
0.1 GeV/mη.
This bound along with other constraints are shown in Fig. 10, which summarizes what
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happens in this regime when mη = 3 and 30MeV. First, in this figure we show the DM
direct detection upper bound on the mixing angle. As is clear from the plots, decreasing
the mass of η makes the bound more stringent. Second, we also depict the constraint from
BBN (τη < 104 s) which translates into a lower bound on the mixing angle. Likewise, this
lower bound becomes more severe for lighter η. Third, we also draw the line corresponding
to the thermalization of both sectors, which gives another lower bound on the mixing
angle. This line is barely affected by the mass mη. Finally, since η is short-lived, the
above lower bound on the DM mass of around 12GeV, coming from the CMB and low
redshift data, also applies here.
The right panel of Fig. 10 shows that all these constraints exclude this regime for mη =
30MeV. This conclusion is also true for lower masses of η because decreasing mη makes
the constraints more stringent, as shown in the left panel. Nevertheless, regions with
larger mη are not ruled out by the above constraints. However they correspond to the
fine resonances shown in Fig. 9, which would lead to extremely large annihilation signals
in DM indirect searches, such as Fermi-LAT [87] and Planck [69], and therefore we do
not consider that possibility in the sequel.
• Next we consider the cases in which the η scalar decays into photons. Notice that η can
not be arbitrarily light because this would induce a too large self-interaction among DM
particles. We therefore consider 100 eV < mη < 2me.
(i) mA & 10GeV: Here the DM-nucleon elastic scattering rate is significantly enhanced
by the lightness of η and consequently exclude this parameter region.
(ii) mA . 10GeV: In this case, we must consider three possibilities according to the
lifetime of η. For τη < 1012 s, DM annihilations produce η pairs, which subsequently
decay into photons. Because the annihilation cross section is expected to be of the
order of few 10−26cm3/s, this parameter region is excluded from CMB bounds on
DM annihilation, as explained above. For 1017 s > τη > 1012 s, CMB bounds from
energy injection during Cosmic Dark Ages apply to the decay of η and exclude this
possibility because Ωη  1 at recombination (given the lifetime under consideration).
Finally, the possibility of τη > 1017 s is excluded by X-rays observations due to the
fact that Ωη  1, as explained above.
To sum up, bounds from DM searches together with cosmological measurements basically
exclude the large mixing (T = T ′) scenario, as summarized in Fig. 10. Analogous conclusion
have been obtained in various ways in other models.11
Regime 3A: Dark Freeze-out with T ′ < T
Even if the problems encountered above with a light mediator are not precisely the same
as the ones found in Section V, again a possible solution is to abandon the requirement of
thermalization. This can be achieved by considering a smaller mixing between both sectors.
Under this circumstance, the first possibility that one can consider is that the HS thermalizes
with itself and undergoes a dark freeze-out, with T ′ < T . In practice, this still leads to Yη  YA
11 For instance, in order to avoid these bounds, Ref. [88] proposes a fermionic DM model, with the light mediator
decaying into sterile neutrinos.
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FIG. 10. Constraints which hold on mA and sinβ in the T ′ = T dark freeze-out regime, for mη =
3MeV (left panel) and 30MeV (right panel). We show the direct detection upper bound on sinβ, the
BBN lower bound on sinβ and the constraint of thermalization of the HS with the visible sector, as
labeled in the figure. Also, the left brown band corresponds to the lower limit on the DM mass coming
from CMB constraints on annihilating DM.
and to an annihilation cross sections smaller than few 10−26 cm3/s (but still relatively large in
order that the HS thermalizes with itself).
Using this and after imposing the five constraints listed in the previous subsection, we find
that this scenario is arguably excluded except for narrow parameter regions as shown in detail
in Appendix C. Moreover, the viable region left can be constrained and could even be excluded
by astrophysical searches of axion-like particles. As this concerns only small corners of the
parameter space we will not analyze further these possibilities.
Regime 2: Reannihilation
From the phenomenological point of view, the reannihilation regime is analogous to the
regime 3A, in the sense that it also requires a relatively large DM annihilation cross section
and also gives Yη  YA. As a consequence, we reach the same conclusion: this scenario is
excluded, with the exception of a possible very narrow region, as argued in Appendix C.
Regime 1: Freeze-in
The freeze-in regime requires values of αX and sin β small enough for the DM particle not
to reach kinetic equilibrium. In this case, only the connector is responsible for the DM relic
density and the αX interaction does not play any role in it (i.e. the relic density constraint does
not give any lower bound on the value of αX). As a result of these facts, the direct detection
constraints are easily fulfilled. It will be shown below that at the same time this regime is
compatible with a large enough value of αX to satisfy the self-interactions hypothesis, provided
the mediator is taken light enough to enhance sufficiently these self-interactions. Moreover,
unlike in previous regimes, Ωηh2  ΩAh2 naturally arises in this scenario, which makes the
vector bosons A the dominant DM component, and allows to satisfy easily the other constraints
which apply.
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In the freeze-in regime, HS particles are created from the visible sector proportionally to
the efficiency of the portal interaction. The dominant production processes have been shown
already in Fig. 2. For the present model, the freeze-in production of HS particles is infrared-
dominated until this production stops. Thus a simple dimensional analysis implies that after
the HS has frozen-in YA/Yη ∼ Tdec,η/Tdec,A, where Tdec,i stands for the temperature at which the
production of the particle ‘i’ becomes suppressed.12 For the light mediator Tdec,η ∼ 10GeV, as
a result of the fact that at this temperature the Higgs portal interaction that produces η scalars
becomes Yukawa suppressed. On the other hand, for A the suppression of the production rate
takes place at Tdec,A ∼ Max[mA, 10GeV]. As a result, at the end of the freeze-in, for DM lighter
than O(10)GeV one gets Yη/YA ∼ 1, which implies Ωη/ΩA ∼ mη/mA; whereas for heavy DM
(mA & O(10)GeV), one gets Yη/YA ∼ mA/(10 GeV), or equivalently, Ωη/ΩA ∼ mη/(10GeV),
i.e. this ratio simply scales linearly in mη. Hence, unlike in the previous regimes, freeze-in
naturally leads to Ωη/ΩA  1 provided that mη  mA.
From the relations for Ωη/ΩA described above and the observed DM relic abundance, one
can conclude that if mη > 2me, then Ωηh2 > 10−5. Thus in order to avoid BBN constraints, τη
should be less than 104 s in this case. However in freeze-in regime, the η’s are much more long-
lived due to the smallness of the couplings. This forces the mediator mass to obey mη . 2me.
We therefore focus our analysis on the mη . 2me case, where the CMB and X-ray constraints
are relevant. These constraints can in fact be satisfied easily here, if the η abundance is very
small after recombination. As just mentioned above, this can be realized if mη  mA. In
practice this requires mη  1MeV.
In Fig. 11 we show how this can be achieved for a particular set of parameters, which gives
both a DM self-interaction in the range needed for solving the small-scale problems (left panel),
and the correct relic abundance (right panel). In the left panel we have taken gX = 3 · 10−3,
whereas in the right panel we additionally assume mA = 10GeV, sin β = 3.9 · 10−10 (i.e.
λm = 3.8 · 10−12) and mη = 1 keV, where the latter value was chosen in order to satisfy the
X-ray constraint of Eq. (20). The right panel of Fig. 11 shows numerically that, as expected,
the energy transfer becomes most efficient around the electroweak scale, and gradually stops at
T ∼10GeV. The ratio of the two relic abundances one gets numerically in this case, ΩA/Ωη, is
of the order O(106), which agrees well with our estimates above. The gray region in left panel
of Fig. 11, denoted as ‘cluster bound’, gives the DM self-interaction bound derived from galaxy
cluster data, which is taken as σT/mA . 1 cm2/g with v ∼ 1000 km/s.
Regarding the X-ray constraint, notice also that since in the freeze-in regime the η particle
might be part of the DM relic density today (at a subdominant level), its decay could be
detected by future X-ray observations. Moreover, it can be shown that it might explain the
3.5 keV X-ray excess [90, 91].
Concerning direct detection, it is known that the mA . 1 GeV region is still below current
experimental reach (see Fig. 8) but future experiments (e.g. Xenon1T [92] or LZ [93]) will be
able to probe this region. For sub-GeV DM masses, there would be in principle constraints
from electron-recoil analysis [94–98], but here they are irrelevant anyway, because both A and
η particles are only feebly coupled to electrons.
12 For a detailed study of the DM freeze-in production mechanism, see Ref. [89].
27
0.001 0.010 0.100 1 10 100
10-17
10-14
10-11
10-8
x = mA / T
Y
·mass
[GeV
]
Particle A
Particle ηΩAh2=0.12
FIG. 11. Freeze-in regime. Left panel: fraction of the mη −mA plane which yields a value of σT /mA
within the 0.1-10 cm2/g range (top-down) for v ∼ 10 km/s. The change of behavior around O(1)GeV is
due to the fact that when mA becomes larger than mη/αX , non-perturbative effects start to dominate
and the self-scattering cross section needs to be described by classical regime results; whereas for smaller
masses the Born approximation holds. Right panel: Evolution of the A and η particles abundance, given
by YA,η ·mA,η, as a function of the inverse of the temperature T , for a set of parameters corresponding to
the red point in the left panel, i.e. mA = 10GeV, sinβ = 3.9 ·10−10 (λm = 3.8 ·10−12) and mη = 1 keV.
The difference between the A and η lines is mainly due to the large mass ratio mA/mη.
Regime 0: No Portal
In this regime, as there is almost no mixing between both sectors (or none at all), the η scalar
is always stable and contributes to the observed DM relic density. By taking it sufficiently light,
one can easily make its relic density subdominant with respect to the vector gauge bosons A and
fulfill the self-interaction hypothesis. In addition, depending on whether the HS is thermalized
or not, it either goes through a dark freeze-out or just cools down with the Universe expansion,
respectively. In both cases, one then only needs to make sure that the average kinetic energy per
HS particle is small enough with respect to the visible sector temperature so that cosmological
constraints, which are the only ones that apply here, are satisfied.
VII. CONCLUSIONS
In summary, we have shown in a systematic way how the various possible DM production
regimes, where the DM sector is not in thermal equilibrium with the SM sector, can be relevant
for solving the small scale DM problems. In order to have large self-interactions (as required
by small scale problems) and to accommodate the relic density constraint, we performed this
analysis invoking either a 3-to-2 annihilation to fix the DM abundance, or a light mediator to
enhance the self-interaction cross section through long-range quantum mechanical effects. Other
constraints that are fully relevant for such scenarios come from BBN, CMB, X-ray emission
and DM direct detection searches.
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Concretely, along both these 3-to-2 and light mediator options we followed a simple proce-
dure. We first check whether the ordinary T = T ′ freeze-out scenario, either from the connector
interaction or from the HS interaction, could satisfy all constraints. As far as we know, in most
models this does not work. Second we investigate if the three regimes where both sectors do
not thermalize with each other – dark freeze-out with T ′ < T , reannihilation and freeze-in –
could solve these problems. For any model where DM belongs to a sector communicating with
the SM through a portal, one could in principle apply a similar procedure.
To perform the analysis on the basis of a concrete model we have considered the HVDM
model. This model involves only four free parameters, namely the vector DM mass mA, the
mediator mass mη, the HS gauge interaction αX and the Higgs portal interaction λm (or equiv-
alently the scalar mixing angle sin β). As expected, within this model the solution of the small
scale problems is incompatible with the ordinary freeze-out scenario. Nevertheless two alter-
native production scenarios do work easily. These scenarios are: (a) dark freeze-out via 3-to-2
annihilation of a HS colder than the SM, and (b) freeze-in via the exchange of a light mediator.
First let us summarize what happens along the various regimes for the case of no light
mediator, i.e. considering a 3-to-2 annihilation. In this case, the small-scale structure problems
and the Higgs invisible decay constraints require sub-GeV DM with sizable self-interactions and
a relatively small connector. The outcome is
• Portal interaction freeze-out: Since a sub-GeV DM particle can annihilate via the Higgs
portal into a couple of SM particles only at a very suppressed rate (due to the mixing
angle and the Yukawa coupling), this scenario is not viable.
• Dark freeze-out with T = T ′: A scenario with DM annihilations via 3-to-2 interactions,
assuming that the DM temperature T ′ and the SM temperature T are equal, is not feasible
because: (i) one can not get simultaneously the observed relic density and significant self-
interactions with perturbative αX couplings (see Fig. 5); (ii) at the moment of the DM
freeze-out, the Higgs portal is too suppressed to maintain the kinetic equilibrium between
the two sectors, giving rise to tension with the formation of cosmological structures.
• Dark freeze-out with T ′ < T : This scenario solves the previous two problems. On the one
hand, T ′ < T implies a less populated HS and thus smaller annihilation cross sections are
needed to produce the observed relic density. Accordingly, perturbative values of αX are
compatible with both the DM abundance constraint and the self-interaction hypothesis
(e.g. Fig. 5). On the other hand, if T ′ < T at the moment of the freeze-out, structure
formation constraints are naturally fulfilled, simply because DM is colder than the SM
particles. On top of that, this regime can also satisfy all other experimental constraints
previously mentioned. Fig. 6 shows the way the relic density is obtained in this case as a
function of T and T ′ for an example of successful set of parameters. In particular, when
the 3-to-2 annihilations become efficient, the HS heats up with respect to the SM sector.
The parameter space allowed in this scenario is depicted in Fig. 7, which corresponds to
DM masses between a few keV and ∼ 100MeV.
• Reannihilation: This scenario requires that at the time when the HS interactions get
Boltzmann suppressed (i.e. T ′ . mA), the connector still creates HS particles. Due to the
low DM mass range required by DM self-interactions, in the HVDM model reannihilation
never takes place. This is because the (mixing angle and Yukawa suppressed) Higgs portal
ceases to be active as soon as T goes below ∼ 10GeV. One could think about considering
tiny values for T ′/T to overcome this difficulty but this would be incompatible with the
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observed DM abundance. It must be stressed however that for other kind of portals not
suppressed at low temperatures (for instance a Z ′ portal), the reannihilation could work
similarly to the way the dark freeze-out with T ′ < T does.
• Freeze-in: This regime requires a HS that never thermalizes within itself. This implies
a value of αX which leads to self-interactions too feeble to solve small-scale problems,
unless one considers very light DM (3 keV . mA . 10 keV) at the verge of being too hot
to be allowed.
The discussion of the regimes for the case with a light mediator differs in many aspects. In
this case annihilations proceed via 2-to-2 processes, and the self-interaction hypothesis requires
a mediator mass below ∼ 100MeV with the DM particle several orders of magnitude heavier,
which leads to the following conclusions:
• Portal interaction freeze-out: This scenario does not work. On the one hand, for mA .
1GeV the DM annihilates mainly into the HS and not into SM pairs as required in
this scenario. On the other hand, direct detection experiments exclude DM heavier that
∼ 1GeV because of the strong enhancement of the DM-nucleon cross section (due to the
lightness of the mediator).
• Dark freeze-out with T = T ′: In this case DM annihilates through AA→ ηη or Aη. The
thermalization condition T = T ′ implies that the connector interaction should be sizable.
However, direct detection bounds and cosmological observations require a much smaller
connector, basically excluding this regime.
• Dark freeze-out with T ′ < T : Unlike the case without light mediators, most of the pa-
rameter space in this regime turns out to be excluded. Generally speaking this stems from
two facts. First, this scenario predicts a relatively large annihilation cross section from
the requirement that the HS thermalizes. Second it predicts yields such that Yη  YA.
All this leads to strong tensions with BBN, CMB and X-ray constraints. Details can be
found in Appendix C.
• Reannihilation: This regime is analogous to the previous one, in the sense that it also
requires a relatively large annihilation cross section and gives Yη  YA. As a consequence,
as the previous regime it is excluded except in corners of the parameter space.
• Freeze-in: Finally, and unlike all the other light mediator regimes above, the freeze-in
regime can easily work. This is due to the following three facts. First, since this scenario
is based on the assumption that the HS never reaches thermal equilibrium, it requires
smaller values of αX and sin β, which allow to fulfill the direct detection constraints.
Second, this regime decouples the αX-driven self-interaction hypothesis from production
of the DM, which is αX-independent. Finally, unlike the dark freeze-out regimes, the
freeze-in scenario naturally predicts Ωη/ΩA  1, which permits to easily satisfy the X-
ray and CMB constraints. Fig. 11 shows an example of successful freeze-in evolution of
the DM relic density, together with the mass range needed in this case.
To sum up very shortly, the production of self-interacting DM in the early Universe can be
achieved by considering a DM sector which is not in thermal equilibrium with the SM bath.
We considered this possibility in the context of the particularly simple HVDM model. We are
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not aware of a simpler model that can simultaneously address all the issues discussed here.
Moreover, many of the conclusions we came to in this particular model would certainly remain
valid for other models where DM interacts with the SM via a portal.
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Appendix A: Invisible Decay of the SM scalar
The HS increases the number of Higgs boson decay channels. The new decay modes are
into η scalars and DM particles. The latter contribute to the invisible decay of the Higgs
boson, whereas the former does it partially if subsequently the η scalars, in addition to decay
to (visible) SM particles, also decay into DM. The corresponding decay rates are
Γ(h→ AA) = 3g
2
X
128pi
√
m2h − 4m2A
12m4A − 4m2Am2h +m4h
m2Am
2
h
sin2 β , (A1)
Γ(h→ ηη) = 1
128pi
√
m2h − 4m2η
[
2m2η +m
2
h
mAmhv
]2
[gXv cos β + 2mA sin β]
2 sin2 β . (A2)
Moreover, all the decay widths of the Higgs boson into SM particles at tree-level decrease by a
factor cos2 β compared to the SM ones. For the η scalar, the decay width into SM particles at
tree-level is Γ(η → SM SM) = ΓSM(h→ SM SM)|mh→mη · sin2 β. As for the η decay width into
DM particle, if kinematically allowed, it is given by
Γ(η → AA) = 3g
2
X
128pi
√
m2η − 4m2A
12m4A − 4m2Am2η +m4η
m2Am
2
η
cos2 β . (A3)
In this work, we adopt the bound on the invisible Higgs branching ratio and on cos2 β obtained
in the analysis of Ref. [99], which accounts for all the relevant experimental information on the
Higgs boson properties, considering simultaneously a universal modification of the Higgs boson
couplings to SM particles and the possibility of an invisible Higgs decay. By doing this, it is
found that
cos2 β [1− Brinv] & 0.81 with Brinv = Br(h→ AA) + Br(h→ η η)Br(η → AA)2 (A4)
for the case of no light mediator, where we are concerned with mA,mη  mh/2. This in turn
gives a very strong bound on the mixing angle
sin β . 10−4
√
1
αX
· mA
GeV
. (A5)
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The situation of the light mediator case is different. First, due to its lightness, the mediator η
only decays to SM particles. Consequently, the decay of Higgs to η is in practice visible unless η
decays dominantly to neutrinos or the lifetime of η is so long that it decays outside the detector.
Moreover, for mA ≥ mh/2, the other decay channel of Higgs into HS particles, h → AA, is
kinetically forbidden. Therefore, if η decays dominantly to charged fermions or photons within
the detector and mA ≥ mh/2, there would be no sizable invisible decay of the Higgs boson, and
thus no relevant bound on sin β. Otherwise, a bound similar to Eq. (A5) holds.
Appendix B: Boltzmann Equations for the 3-to-2 Annihilation and the Instantaneous
Freeze-out Approximation
In this appendix we assume that the dark and visible sectors have temperatures T and T ′
which are not necessarily equal. With this in mind, the evolution of the number densities n′i of
the three DM particles Ai are described by a system of three Boltzmann equations
dn′1
dt
+ 3H n′1 = +〈123→ 11〉
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n′3 n
′
3 n
′
3 − n′1 n′2
n′eq3 n
′eq
3 n
′eq
3
n′eq1 n′
eq
2
)
− 〈112→ 13〉
(
n′1 n
′
1 n
′
2 − n′1 n′3
n′eq1 n
′eq
1 n
′eq
2
n′eq1 n′
eq
3
)
+〈222→ 13〉
(
n′2 n
′
2 n
′
2 − n′1 n′3
n′eq2 n
′eq
2 n
′eq
2
n′eq1 n′
eq
3
)
+ 〈233→ 13〉
(
n′2 n
′
3 n
′
3 − n′1 n′3
n′eq2 n
′eq
3 n
′eq
3
n′eq1 n′
eq
3
)
−3〈111→ 23〉
(
n′1 n
′
1 n
′
1 − n′2 n′3
n′eq1 n
′eq
1 n
′eq
1
n′eq2 n′
eq
3
)
− 〈122→ 23〉
(
n′1 n
′
2 n
′
2 − n′2 n′3
n′eq1 n
′eq
2 n
′eq
2
n′eq2 n′
eq
3
)
−〈133→ 23〉
(
n′1 n
′
3 n
′
3 − n′2 n′3
n′eq1 n
′eq
3 n
′eq
3
n′eq2 n′
eq
3
)
, (B1)
with two equivalent expressions for n′2 and n′3. Here, n′
eq
i corresponds to the equilibrium
densities and 〈ijk → lm〉 ≡ 〈σv2〉ijk→lm. Due to the custodial symmetry the relation n′ ≡ n′1 =
n′2 = n
′
2 holds and we find that 〈123→ 11〉 = 〈123→ 22〉 = 〈123→ 33〉, 〈111→ 23〉 = 〈222→
13〉 = 〈333→ 12〉 and 〈113→ 12〉 = 〈112→ 13〉 = 〈223→ 12〉 = 〈122→ 23〉 = 〈133→ 23〉 =
〈233→ 13〉. Thus the Boltzmann equations reduce to
dn′
dt
+ 3H n′ =
(
− 〈123→ 11〉 − 〈111→ 23〉 − 2〈122→ 23〉
) (
n′3 − n′2 n′eq) . (B2)
As a result, total DM number density N ′ = n′1 + n′2 + n′3 = 3n′ is given by
dN ′
dt
+ 3H N ′ = −〈σv2〉3→2
(
N ′3 −N ′2N ′eq) , (B3)
where
〈σv2〉3→2 ≡ 〈123→ 11〉+ 〈111→ 23〉+ 2 〈122→ 23〉
9
. (B4)
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Following Ref. [40] to calculate the cross section in the non-relativistic limit, we find
〈σv2〉3→2 = 25
√
5pi2 α3X
186624m5A
503295m8A + 592316m
6
Am
2
η + 36188m
4
Am
4
η − 156224m2Am6η + 26209m8η
(m2η − 4m2A)2(m2A +m2η)2
.
(B5)
The Boltzmann Eq. (B3) gives the DM number density as a function of time. Since we
assume that the SM particles dominate the expansion of the Universe, we can trade the time
variable t for the temperature T of the SM. By performing this change of variables we obtain
xH(x)
dY (x)
dx
= −s(x)2 Y (x)2 〈σv2〉3→2
(
Y (x)− Y eq(x)) , (B6)
where x ≡ mA/T and Y (x) ≡ N ′/s(x). Notice that we define Y (x) as a function of the SM
quantities x and s(x), because it can be related to the today DM relic abundance by means of
ΩA =
mAN
′
ρc
=
mA s(∞)Y (∞)
ρc
=
(
2.742 · 108 GeV−1 h−2) mA Y (∞) . (B7)
In this paper we use the following approximate solution of Eq. (B6). After the freeze-out the
DM density deviates from its equilibrium value. In fact, as it becomes much greater, Y  Y eq,
one can drop the Y eq term in Eq. (B6), so that
xH(x)
dY (x)
dx
= −s(x)2 Y (x)3 〈σv2〉3→2 . (B8)
This equation admits the following analytical solution
1
Y (∞)2 =
1
Y (xFO)2
+ 2
∫ ∞
xFO
s2 〈σv2〉3→2
xH
dx . (B9)
Here xFO corresponds to the freeze-out temperature, to be determined below. In general, one
expects Y (∞) Y (xFO) and therefore
Y (∞) =
[
2
∫ ∞
xFO
s2 〈σv2〉3→2
xH
dx
]−1/2
. (B10)
Now, since the DM particles are non-relativistic at freeze-out, the cross section 〈σv2〉3→2 is
independent of the temperature. It is therefore possible to conclude that in order to account
for the observed DM relic density, Eq. (B7), one needs
〈σv2〉3→2 ≈
(
8.65GeV−5
)
x4FO g
−1.5
∗FO
(
1GeV
mA
)2
, (B11)
where g∗FO corresponds to the number of relativistic degrees of freedom at the moment of the
freeze-out. Note that it is the SM temperature at the freeze-out which enters in this formula
and not the DM one.
In order to estimate xFO, it is necessary to establish when the annihilation rate per particle
(n′eq)2〈σv〉3→2 drops below the expansion rate of the Universe. Using Eq. (B11) it is found that
this happens when freeze-out temperatures satisfy
x′FO = 22.3− ln
[(
x′FO
xFO
)3(
100MeV
mA
)(g∗FO
10
)( x′FO
22.3
)−1.5]
. (B12)
Injecting the value of x′FO one needs for a given value of the entropy ratio ξ according to
Eq. (15), this equation gives the value of xFO.
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Regime 2 & 3A
Yes
mη > 2me
η → e+e−
No
η → γγ
104s > τη > 1s
Case (ii)
Case (iii)
106s > τη > 10
4s
1012s > τη > 10
6s
Case (i)
Case (iv)
τη > 10
12s
1010s > τη
Case (vi)
Case (vii)
1012s > τη > 10
10s
1017s > τη > 10
12s
Case (v)
Case (viii)
τη > 10
17s
FIG. 12. Flow chart illustrating the phenomenology which applies to the regimes 2 and 3A, depending
on the values of mη and of the lifetime of the η particle.
Appendix C: Constraints on Regimes 2 and 3A with a light mediator
In the scenario with a light mediator, two essential features of regimes 2 and 3A are that both
lead to Yη  YA and relatively large annihilation cross sections. On the one hand, the former
feature arises because the abundance of A undergoes a Boltzmann suppression in contrast to
the one of the lighter η scalar. On the other hand, the latter feature is necessary in order
for the HS sector to thermalize with itself. Based on these two observations, we consider the
constraints on regimes 2 and 3A by following Fig. 12.
First we consider the cases in which the η scalar annihilates into an electron-positron pair,
that is, mη > 2me ∼ 1MeV. It is convenient to discuss them according to the value of the
lifetime of η.
(i) 104 s > τη: Here, BBN bounds do not apply because the η particle has a short lifetime.
Nonetheless, the requirement of non-thermalization between both sectors along with DM
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direct detection searches excludes this case. For illustration, we show this in the left panel
of Fig. 13, which corresponds to mη = 10MeV. Although we take 〈σv〉AA→ηη = 3 · 10−28
cm3/s for concreteness, our conclusions are general.
Note that for a DM mass of O(10)GeV, by increasing mη beyond 10MeV, the direct
detection constraints get relaxed but this possibility is excluded because such a mass
spectrum is not compatible with the required self-interactions, as shown in the right
panel of Fig. 13.
(ii) 106 s > τη > 104 s: The mixing angle β corresponding to this lifetime is still quite large,
which leads to η abundance larger than 1. The late decay of the η scalar can spoil the
predictions of BBN [78]. As a result, this possibility is basically excluded.
(iii) 1012 s > τη > 106 s: In contrast to the previous case, the mixing angle required here
does not necessarily imply a huge η abundance. Still in order to satisfy the BBN bound,
Ωη . 10−5 is needed. Since in this scenario Yη  YA, this constraint and ΩAh2 ∼ 0.12
lead to a mA larger than 104mη by orders of magnitude. However for such large DM
masses, in order to have significant self-interactions to address small scale problems, one
needs a very small mediator mass, as can be seen in the right panel of Fig. 13. Therefore,
in practice it is hardly allowed to have mη > 1MeV and Ωη . 10−5 simultaneously. As a
result, this case is strongly disfavored.
LUX/superCDMSexclusion(orange)
τη = 104sec
τη = 1012sec
〈σv〉=3×10-28cm3/s
T'=T
T'<T
0.01 1 100 104
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10-12
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10-8
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m
ix
in
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si
n[β]
mη= 10 MeV
FIG. 13. Left panel: constraints on regimes 2 and 3A for mη > 2me. The orange region is excluded
by direct detection searches. The light-gray shaded region gives T = T ′, i.e. corresponds to regime
3B. Here we take mη = 10MeV and 〈σv〉AA→ηη = 3 · 10−28 cm3/s. Right panel: Dark matter self-
interactions for the regimes 2 and 3A, yielding σT /mA in the range of 0.1 − 10 cm2/g (top-down) at
v ∼ 10 km/s. The upper horizontal axis gives the value of αX which leads to 〈σv〉AA→ηη = 3 · 10−28
cm3/s.
(iv) τη > 10
12 s: If we assume, as we do here, that the HS is mostly created from the visible
sector, sin β can not be arbitrarily small. In this case, it can be shown that τη < 1017 s
must hold (if the η decays into electrons as assumed here). As a result the decay of η can
modify the CMB spectrum, which leads to the following constraint: Ωη . 10−8. Using
similar arguments as in case (iii), this requires even much larger DM masses and it is
therefore basically excluded.
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Next we consider the cases in which the η scalar decays into photons, that is, mη . 1MeV.
(v) 1010 s > τη: Similarly to case (i), the requirement of non-thermalization of the HS with
the visible sector, together with DM direct detection constraints, exclude this possibility.
We illustrate this scenario in Fig. 14, for mη = 0.003MeV and 0.5MeV, respectively. We
assume 〈σv〉AA→ηη = 3 · 10−28 cm3/s in both cases.
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FIG. 14. Constraints on regimes 2 and 3A for the mη < 2me case, for both a very light (mη =
0.003MeV) or a relatively heavy (mη = 0.5MeV) η. The exclusion regions are defined in the same way
as in Fig. 13. The value of 〈σv〉AA→ηη has been taken to be 3 · 10−28 cm3/s for both panels.
(vi) 1012 s > τη > 1010 s: This part of the parameter space is not as severely constrained
as the previous cases. Nevertheless, we find only a small parameter region that satisfies
both the relic abundance constraint and the self-interaction expectation, namely 1GeV
< mA < 10GeV, 0.1MeV < mη < 2me and 10−7 < sin β < 10−8. One example is
given in right panel of Fig. 14 for mη = 0.5MeV. While this scenario might be further
constrained by searches of axion-like particles (ALPs), we will not enter into the details
of this analysis here.
(vii) 1017 s > τη > 1012 s: Considering the direct detection bounds and requiring that the HS
does not thermalize with the visible sector, from Fig. 14 one can see that this scenario
is only consistent with relatively heavy η. Similarly to case (iv), CMB constraints apply,
leading to DM masses much larger than 100GeV. Such parameters are strongly con-
strained by direct detection bounds and lead to tiny mixing angles, of the order of 10−10
(see right panel of Fig. 14 for an example). These constraints typically require parameters
which lead to a freeze-in scenario, rather than a scenario where the HS thermalizes with
itself. This possibility is therefore excluded.
(viii) τη > 10
17 s: In this case η is long-lived and the X-rays constraint of Eq. (20) applies.
If again we assume that the HS is mostly created from the visible sector, so that sin β
can not be arbitrarily small, the X-ray constraint implies that mη . 1 keV. For DM
masses above keV, such light mediators would strongly enhance DM self-interactions in
contradiction with astrophysical observations [19–21]. This case is therefore excluded.
36
[1] L. Bergström, Dark matter evidence, particle physics candidates and detection methods, Annalen
der Physik 524 (2012) 479–496, [arXiv:1205.4882].
[2] S. Profumo, Astrophysical Probes of Dark Matter, in Proceedings, Theoretical Advanced Study
Institute in Elementary Particle Physics: Searching for New Physics at Small and Large Scales
(TASI 2012), pp. 143–189, 2013. arXiv:1301.0952.
[3] G. B. Gelmini, TASI 2014 Lectures: The Hunt for Dark Matter, in Theoretical Advanced Study
Institute in Elementary Particle Physics: Journeys Through the Precision Frontier: Amplitudes
for Colliders (TASI 2014) Boulder, Colorado, June 2-27, 2014, 2015. arXiv:1502.01320.
[4] B. Moore, Evidence against dissipationless dark matter from observations of galaxy haloes,
Nature 370 (1994) 629.
[5] R. A. Flores and J. R. Primack, Observational and theoretical constraints on singular dark
matter halos, Astrophys.J. 427 (1994) L1–4, [astro-ph/9402004].
[6] S.-H. Oh, C. Brook, F. Governato, E. Brinks, L. Mayer, et al., The central slope of dark matter
cores in dwarf galaxies: Simulations vs. THINGS, Astron.J. 142 (2011) 24, [arXiv:1011.2777].
[7] M. G. Walker and J. Peñarrubia, A Method for Measuring (Slopes of) the Mass Profiles of
Dwarf Spheroidal Galaxies, Astrophys.J. 742 (2011) 20, [arXiv:1108.2404].
[8] M. Boylan-Kolchin, J. S. Bullock, and M. Kaplinghat, Too big to fail? The puzzling darkness of
massive Milky Way subhaloes, Mon.Not.Roy.Astron.Soc. 415 (2011) L40, [arXiv:1103.0007].
[9] S. Garrison-Kimmel, M. Boylan-Kolchin, J. S. Bullock, and E. N. Kirby, Too Big to Fail in the
Local Group, Mon.Not.Roy.Astron.Soc. 444 (2014) 222, [arXiv:1404.5313].
[10] D. N. Spergel and P. J. Steinhardt, Observational evidence for self-interacting cold dark matter,
Phys.Rev.Lett. 84 (2000) 3760–3763, [astro-ph/9909386].
[11] B. D. Wandelt, R. Dave, G. R. Farrar, P. C. McGuire, D. N. Spergel, et al., Self-interacting dark
matter, astro-ph/0006344.
[12] M. Vogelsberger, J. Zavala, and A. Loeb, Subhaloes in Self-Interacting Galactic Dark Matter
Haloes, Mon.Not.Roy.Astron.Soc. 423 (2012) 3740, [arXiv:1201.5892].
[13] M. Rocha, A. H. Peter, J. S. Bullock, M. Kaplinghat, S. Garrison-Kimmel, et al., Cosmological
Simulations with Self-Interacting Dark Matter I: Constant Density Cores and Substructure,
Mon.Not.Roy.Astron.Soc. 430 (2013) 81–104, [arXiv:1208.3025].
[14] A. H. Peter, M. Rocha, J. S. Bullock, and M. Kaplinghat, Cosmological Simulations with
Self-Interacting Dark Matter II: Halo Shapes vs. Observations, Mon.Not.Roy.Astron.Soc. 430
(2012) 105–120, [arXiv:1208.3026].
[15] J. Zavala, M. Vogelsberger, and M. G. Walker, Constraining Self-Interacting Dark Matter with
the Milky Way’s dwarf spheroidals, Mon.Not.Roy.Astron.Soc.: Letters 431 (2013) L20–L24,
[arXiv:1211.6426].
[16] M. Vogelsberger, J. Zavala, C. Simpson, and A. Jenkins, Dwarf galaxies in CDM and SIDM with
baryons: observational probes of the nature of dark matter, Mon.Not.Roy.Astron.Soc. 444 (2014)
3684, [arXiv:1405.5216].
[17] O. D. Elbert, J. S. Bullock, S. Garrison-Kimmel, M. Rocha, J. Oñorbe, and A. H. G. Peter, Core
Formation in Dwarf Halos with Self Interacting Dark Matter: No Fine-Tuning Necessary, Mon.
Not. Roy. Astron. Soc. 453 (2015) 29, [arXiv:1412.1477].
[18] M. Kaplinghat, S. Tulin, and H.-B. Yu, Dark Matter Halos as Particle Colliders: A Unified
Solution to Small-Scale Structure Puzzles from Dwarfs to Clusters, arXiv:1508.03339.
37
[19] D. Clowe, A. Gonzalez, and M. Markevitch, Weak lensing mass reconstruction of the interacting
cluster 1E0657-558: Direct evidence for the existence of dark matter, Astrophys.J. 604 (2004)
596–603, [astro-ph/0312273].
[20] M. Markevitch, A. Gonzalez, D. Clowe, A. Vikhlinin, L. David, et al., Direct constraints on the
dark matter self-interaction cross-section from the merging galaxy cluster 1E0657-56,
Astrophys.J. 606 (2004) 819–824, [astro-ph/0309303].
[21] S. W. Randall, M. Markevitch, D. Clowe, A. H. Gonzalez, and M. Bradač, Constraints on the
Self-Interaction Cross-Section of Dark Matter from Numerical Simulations of the Merging
Galaxy Cluster 1E 0657-56, Astrophys.J. 679 (2008) 1173–1180, [arXiv:0704.0261].
[22] D. Harvey, R. Massey, T. Kitching, A. Taylor, and E. Tittley, The non-gravitational interactions
of dark matter in colliding galaxy clusters, Science 347 (2015), no. 6229 1462–1465,
[arXiv:1503.07675].
[23] R. Massey, L. Williams, R. Smit, M. Swinbank, T. D. Kitching, et al., The behaviour of dark
matter associated with 4 bright cluster galaxies in the 10 kpc core of Abell 3827,
Mon.Not.Roy.Astron.Soc. 449 (2015) 3393, [arXiv:1504.03388].
[24] F. Kahlhoefer, K. Schmidt-Hoberg, J. Kummer, and S. Sarkar, On the interpretation of dark
matter self-interactions in Abell 3827, Mon. Not. Roy. Astron. Soc. 452 (2015) 1,
[arXiv:1504.06576].
[25] G. Steigman, B. Dasgupta, and J. F. Beacom, Precise Relic WIMP Abundance and its Impact
on Searches for Dark Matter Annihilation, Phys. Rev. D86 (2012) 023506, [arXiv:1204.3622].
[26] J. L. Feng, M. Kaplinghat, and H.-B. Yu, Halo Shape and Relic Density Exclusions of
Sommerfeld-Enhanced Dark Matter Explanations of Cosmic Ray Excesses, Phys. Rev. Lett. 104
(2010) 151301, [arXiv:0911.0422].
[27] S. Tulin, H.-B. Yu, and K. M. Zurek, Resonant Dark Forces and Small Scale Structure, Phys.
Rev. Lett. 110 (2013), no. 11 111301, [arXiv:1210.0900].
[28] E. Izaguirre, G. Krnjaic, P. Schuster, and N. Toro, Analyzing the Discovery Potential for Light
Dark Matter, Phys. Rev. Lett. 115 (2015), no. 25 251301, [arXiv:1505.00011].
[29] M. R. Buckley and P. J. Fox, Dark Matter Self-Interactions and Light Force Carriers, Phys. Rev.
D81 (2010) 083522, [arXiv:0911.3898].
[30] A. Loeb and N. Weiner, Cores in Dwarf Galaxies from Dark Matter with a Yukawa Potential,
Phys. Rev. Lett. 106 (2011) 171302, [arXiv:1011.6374].
[31] S. Tulin, H.-B. Yu, and K. M. Zurek, Beyond Collisionless Dark Matter: Particle Physics
Dynamics for Dark Matter Halo Structure, Phys.Rev. D87 (2013), no. 11 115007,
[arXiv:1302.3898].
[32] M. Kaplinghat, S. Tulin, and H.-B. Yu, Direct Detection Portals for Self-interacting Dark
Matter, Phys. Rev. D89 (2014), no. 3 035009, [arXiv:1310.7945].
[33] E. Del Nobile, M. Kaplinghat, and H.-B. Yu, Direct Detection Signatures of Self-Interacting
Dark Matter with a Light Mediator, JCAP 1510 (2015), no. 10 055, [arXiv:1507.04007].
[34] K. Kainulainen, K. Tuominen, and V. Vaskonen, Self-interacting dark matter and cosmology of a
light scalar mediator, arXiv:1507.04931.
[35] E. D. Carlson, M. E. Machacek, and L. J. Hall, Self-interacting dark matter, Astrophys.J. 398
(1992) 43–52.
[36] Y. Hochberg, E. Kuflik, T. Volansky, and J. G. Wacker, Mechanism for Thermal Relic Dark
Matter of Strongly Interacting Massive Particles, Phys.Rev.Lett. 113 (2014) 171301,
[arXiv:1402.5143].
[37] M. Hansen, K. Langæble, and F. Sannino, SIMP model at NNLO in chiral perturbation theory,
38
Phys. Rev. D92 (2015), no. 7 075036, [arXiv:1507.01590].
[38] M. Machacek, Growth of adiabatic perturbations in selfinteracting dark matter, Astrophys.J. 431
(1994) 41–51.
[39] S.-M. Choi and H. M. Lee, SIMP dark matter with gauged Z3 symmetry, JHEP 09 (2015) 063,
[arXiv:1505.00960].
[40] N. Bernal, C. Garcia-Cely, and R. Rosenfeld, WIMP and SIMP Dark Matter from the
Spontaneous Breaking of a Global Group, JCAP 1504 (2015), no. 04 012, [arXiv:1501.01973].
[41] N. Bernal, C. Garcia-Cely, and R. Rosenfeld, Z3 WIMP and SIMP Dark Matter from a Global
U(1) Breaking, Nucl. Part. Phys. Proc. 267-269 (2015) 353–355.
[42] J. McDonald, Thermally generated gauge singlet scalars as selfinteracting dark matter, Phys.
Rev. Lett. 88 (2002) 091304, [hep-ph/0106249].
[43] L. J. Hall, K. Jedamzik, J. March-Russell, and S. M. West, Freeze-In Production of FIMP Dark
Matter, JHEP 1003 (2010) 080, [arXiv:0911.1120].
[44] C. Cheung, G. Elor, L. J. Hall, and P. Kumar, Origins of Hidden Sector Dark Matter I:
Cosmology, JHEP 03 (2011) 042, [arXiv:1010.0022].
[45] C. Cheung, G. Elor, L. J. Hall, and P. Kumar, Origins of Hidden Sector Dark Matter II:
Collider Physics, JHEP 03 (2011) 085, [arXiv:1010.0024].
[46] X. Chu, T. Hambye, and M. H. Tytgat, The Four Basic Ways of Creating Dark Matter Through
a Portal, JCAP 1205 (2012) 034, [arXiv:1112.0493].
[47] J. L. Feng, H. Tu, and H.-B. Yu, Thermal Relics in Hidden Sectors, JCAP 0810 (2008) 043,
[arXiv:0808.2318].
[48] L. Ackerman, M. R. Buckley, S. M. Carroll, and M. Kamionkowski, Dark Matter and Dark
Radiation, Phys. Rev. D79 (2009) 023519, [arXiv:0810.5126].
[49] T. Hambye, Hidden vector dark matter, JHEP 0901 (2009) 028, [arXiv:0811.0172].
[50] T. Hambye and M. H. G. Tytgat, Confined hidden vector dark matter, Phys. Lett. B683 (2010)
39–41, [arXiv:0907.1007].
[51] C. Arina, T. Hambye, A. Ibarra, and C. Weniger, Intense Gamma-Ray Lines from Hidden
Vector Dark Matter Decay, JCAP 1003 (2010) 024, [arXiv:0912.4496].
[52] R. Campbell, S. Godfrey, H. E. Logan, A. D. Peterson, and A. Poulin, Implications of the
observation of dark matter self-interactions for singlet scalar dark matter, Phys. Rev. D92
(2015), no. 5 055031, [arXiv:1505.01793].
[53] Z. Kang, View FImP miracle (by scale invariance) à la self-interaction, Phys. Lett. B751 (2015)
201–204, [arXiv:1505.06554].
[54] K. K. Boddy, J. L. Feng, M. Kaplinghat, and T. M. P. Tait, Self-Interacting Dark Matter from a
Non-Abelian Hidden Sector, Phys. Rev. D89 (2014), no. 11 115017, [arXiv:1402.3629].
[55] N. Bernal and X. Chu, Z2 SIMP Dark Matter, JCAP 1601 (2015), no. 01 006,
[arXiv:1510.08527].
[56] Y. Hochberg, E. Kuflik, H. Murayama, T. Volansky, and J. G. Wacker, Model for Thermal Relic
Dark Matter of Strongly Interacting Massive Particles, Phys. Rev. Lett. 115 (2015), no. 2
021301, [arXiv:1411.3727].
[57] N. Yamanaka, S. Fujibayashi, S. Gongyo, and H. Iida, Dark matter in the hidden gauge theory,
arXiv:1411.2172.
[58] H. M. Lee and M.-S. Seo, Communication with SIMP dark mesons via Z’-portal, Phys. Lett.
B748 (2015) 316–322, [arXiv:1504.00745].
[59] N. D. Christensen and C. Duhr, FeynRules - Feynman rules made easy, Comput.Phys.Commun.
180 (2009) 1614–1641, [arXiv:0806.4194].
39
[60] N. D. Christensen, P. de Aquino, C. Degrande, C. Duhr, B. Fuks, et al., A Comprehensive
approach to new physics simulations, Eur.Phys.J. C71 (2011) 1541, [arXiv:0906.2474].
[61] A. Belyaev, N. D. Christensen, and A. Pukhov, CalcHEP 3.4 for collider physics within and
beyond the Standard Model, Comput.Phys.Commun. 184 (2013) 1729–1769, [arXiv:1207.6082].
[62] R. Gould, Electromagnetic processes. 2006.
[63] S. A. Khrapak, A. V. Ivlev, G. E. Morfill, and S. K. Zhdanov, Scattering in the attractive
yukawa potential in the limit of strong interaction, Phys. Rev. Lett. 90 (2003) 225002.
[64] F. Kahlhoefer, K. Schmidt-Hoberg, M. T. Frandsen, and S. Sarkar, Colliding clusters and dark
matter self-interactions, Mon. Not. Roy. Astron. Soc. 437 (2014), no. 3 2865–2881,
[arXiv:1308.3419].
[65] T. Moroi, H. Murayama, and M. Yamaguchi, Cosmological constraints on the light stable
gravitino, Phys. Lett. B303 (1993) 289–294.
[66] A. A. de Laix, R. J. Scherrer, and R. K. Schaefer, Constraints of selfinteracting dark matter,
Astrophys.J. 452 (1995) 495, [astro-ph/9502087].
[67] K. K. Boddy, J. L. Feng, M. Kaplinghat, Y. Shadmi, and T. M. P. Tait, Strongly interacting
dark matter: Self-interactions and keV lines, Phys. Rev. D90 (2014), no. 9 095016,
[arXiv:1408.6532].
[68] X. Chu, Y. Mambrini, J. Quevillon, and B. Zaldivar, Thermal and non-thermal production of
dark matter via Z’-portal(s), JCAP 1401 (2014), no. 01 034, [arXiv:1306.4677].
[69] Planck Collaboration, P. Ade et al., Planck 2015 results. XIII. Cosmological parameters,
arXiv:1502.01589.
[70] M. Viel, G. D. Becker, J. S. Bolton, and M. G. Haehnelt, Warm dark matter as a solution to the
small scale crisis: New constraints from high redshift Lyman-α forest data, Phys.Rev. D88
(2013) 043502, [arXiv:1306.2314].
[71] P. S. Bhupal Dev, A. Mazumdar, and S. Qutub, Constraining Non-thermal and Thermal
properties of Dark Matter, Front. Phys. 2 (2014) 26, [arXiv:1311.5297].
[72] G. L. Kane, P. Kumar, B. D. Nelson, and B. Zheng, Dark Matter Production Mechanisms with a
Non-Thermal Cosmological History - A Classification, arXiv:1502.05406.
[73] N. Arkani-Hamed, D. P. Finkbeiner, T. R. Slatyer, and N. Weiner, A Theory of Dark Matter,
Phys. Rev. D79 (2009) 015014, [arXiv:0810.0713].
[74] J. D. Bjorken, R. Essig, P. Schuster, and N. Toro, New Fixed-Target Experiments to Search for
Dark Gauge Forces, Phys.Rev. D80 (2009) 075018, [arXiv:0906.0580].
[75] B. Batell, R. Essig, and Z. Surujon, Strong Constraints on Sub-GeV Dark Sectors from SLAC
Beam Dump E137, Phys.Rev.Lett. 113 (2014), no. 17 171802, [arXiv:1406.2698].
[76] LUX Collaboration, D. Akerib et al., First results from the LUX dark matter experiment at the
Sanford Underground Research Facility, Phys.Rev.Lett. 112 (2014) 091303, [arXiv:1310.8214].
[77] SuperCDMS Collaboration, R. Agnese et al., Search for Low-Mass Weakly Interacting Massive
Particles with SuperCDMS, Phys.Rev.Lett. 112 (2014), no. 24 241302, [arXiv:1402.7137].
[78] K. Jedamzik and M. Pospelov, Big Bang Nucleosynthesis and Particle Dark Matter, New J.
Phys. 11 (2009) 105028, [arXiv:0906.2087].
[79] G. Steigman, CMB Constraints On The Thermal WIMP Mass And Annihilation Cross Section,
Phys. Rev. D91 (2015), no. 8 083538, [arXiv:1502.01884].
[80] T. R. Slatyer, Indirect Dark Matter Signatures in the Cosmic Dark Ages I. Generalizing the
Bound on s-wave Dark Matter Annihilation from Planck, arXiv:1506.03811.
[81] M. S. Madhavacheril, N. Sehgal, and T. R. Slatyer, Current Dark Matter Annihilation
Constraints from CMB and Low-Redshift Data, Phys.Rev. D89 (2014) 103508,
40
[arXiv:1310.3815].
[82] T. R. Slatyer, Energy Injection And Absorption In The Cosmic Dark Ages, Phys. Rev. D87
(2013), no. 12 123513, [arXiv:1211.0283].
[83] A. Djouadi, The Anatomy of electro-weak symmetry breaking. I: The Higgs boson in the standard
model, Phys.Rept. 457 (2008) 1–216, [hep-ph/0503172].
[84] R. Essig, E. Kuflik, S. D. McDermott, T. Volansky, and K. M. Zurek, Constraining Light Dark
Matter with Diffuse X-Ray and Gamma-Ray Observations, JHEP 11 (2013) 193,
[arXiv:1309.4091].
[85] K. K. Boddy and J. Kumar, Indirect Detection of Dark Matter Using MeV-Range Gamma-Ray
Telescopes, Phys. Rev. D92 (2015), no. 2 023533, [arXiv:1504.04024].
[86] S. Riemer-Sørensen et al., Dark matter line emission constraints from NuSTAR observations of
the Bullet Cluster, Astrophys. J. 810 (2015), no. 1 48, [arXiv:1507.01378].
[87] A. Massari, E. Izaguirre, R. Essig, A. Albert, E. Bloom, and G. A. Gómez-Vargas, Strong
Optimized Conservative Fermi-LAT Constraints on Dark Matter Models from the Inclusive
Photon Spectrum, Phys. Rev. D91 (2015), no. 8 083539, [arXiv:1503.07169].
[88] C. Kouvaris, I. M. Shoemaker, and K. Tuominen, Self-Interacting Dark Matter through the Higgs
Portal, Phys.Rev. D91 (2015), no. 4 043519, [arXiv:1411.3730].
[89] M. Blennow, E. Fernandez-Martínez, and B. Zaldivar, Freeze-in through portals, JCAP 1401
(2014), no. 01 003, [arXiv:1309.7348].
[90] E. Bulbul, M. Markevitch, A. Foster, R. K. Smith, M. Loewenstein, et al., Detection of An
Unidentified Emission Line in the Stacked X-ray spectrum of Galaxy Clusters, Astrophys.J. 789
(2014) 13, [arXiv:1402.2301].
[91] A. Boyarsky, O. Ruchayskiy, D. Iakubovskyi, and J. Franse, Unidentified Line in X-Ray Spectra
of the Andromeda Galaxy and Perseus Galaxy Cluster, Phys.Rev.Lett. 113 (2014) 251301,
[arXiv:1402.4119].
[92] XENON Collaboration, F. A. Davide, Direct WIMP searches with XENON100 and XENON1T,
EPJ Web Conf. 95 (2015) 04019.
[93] LZ Collaboration, D. S. Akerib et al., LUX-ZEPLIN (LZ) Conceptual Design Report,
arXiv:1509.02910.
[94] R. Essig, J. Mardon, and T. Volansky, Direct Detection of Sub-GeV Dark Matter, Phys. Rev.
D85 (2012) 076007, [arXiv:1108.5383].
[95] R. Essig, A. Manalaysay, J. Mardon, P. Sorensen, and T. Volansky, First Direct Detection Limits
on sub-GeV Dark Matter from XENON10, Phys. Rev. Lett. 109 (2012) 021301,
[arXiv:1206.2644].
[96] Y. Hochberg, Y. Zhao, and K. M. Zurek, Superconducting Detectors for Super Light Dark
Matter, Phys. Rev. Lett. 116 (2016), no. 1 011301, [arXiv:1504.07237].
[97] J.-W. Chen, H.-C. Chi, C. P. Liu, C.-L. Wu, and C.-P. Wu, Electronic and nuclear contributions
in sub-GeV dark matter scattering: A case study with hydrogen, Phys. Rev. D92 (2015), no. 9
096013, [arXiv:1508.03508].
[98] R. Essig, M. Fernández-Serra, J. Mardon, A. Soto, T. Volansky, and T.-T. Yu, Direct Detection
of sub-GeV Dark Matter with Semiconductor Targets, arXiv:1509.01598.
[99] P. Bechtle, S. Heinemeyer, O. Stål, T. Stefaniak, and G. Weiglein, Probing the Standard Model
with Higgs signal rates from the Tevatron, the LHC and a future ILC, JHEP 1411 (2014) 039,
[arXiv:1403.1582].
